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ABSTRACT 


In juvenile Pacific salmon the changes in salinity preference associated with seaward migration 
and thyroid activity were studied and used as criteria for the induction of the physiological 
condition required for migration (migration-disposition). 

Four species of Oncorhynchus (chum, pink, coho and sockeye) changed preference from 
fresh to salt water at the onset of seaward migration and maintained this preference throughout 
the migration season. At the end of this migration period coho and sockeye salmon changed 
preference from salt to fresh water if retained in fresh water, indicating a re-adaptation to this 
medium in which they may survive for several years. Chum and pink fry did not show this 
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change in preference and usually died when retained in fresh water. They were apparently 
unable to re-adapt to this environment. 

The increasing day length in spring controls the time at which the change in preference from 
fresh to salt water takes place, and is thus involved in timing the induction of migration-disposition. 

The photoperiod seems to affect particularly the pituitary-thyroid system. Thyroid activity 
increases shortly before the onset of migration, remains high during the migration season, and 
decreases towards its end. The level of thyroid hormone in the blood influences salinity tolerance 
and preference and, thus, the induction of migration-disposition. Metamorphosis, osmotic 
“‘stress’’ and iodine content of the water may have some additional effect on thyroid activity, 
but are not the only factors responsible for thyroid hyperactivity during migration. 

Animals in which migration-disposition has been induced are thought to have become 
susceptible to appropriate external stimuli “releasing’’ migration. 


INTRODUCTION 


IT IS GENERALLY AGREED that before migration takes place a change occurs in 
the physiology of the animals, rendering them more susceptible to appropriate 
external stimuli which further release migratory behaviour and/or guide the 
animals along their way. Migration is used here to indicate the complex of 
locomotory activities, combined with special orientating components, which 
brings the animals to their destination. The physiological condition required 
for migration (migration-disposition) is thought to be mainly induced by changes 
in endocrine activity. A change in salinity preference has been used as criterion 
for the induction of migration-disposition (Baggerman, 1957, 1959). In the 
stickleback Baggerman found experimentally that external conditions (photo- 
period and temperature) together with intrinsic rhythmic processes control the 
induction of changes in endocrine activity, particularly in the pituitary-thyroid 
system. The level of thyroid hormone was found to induce changes in salinity 
preference and, therefore, probably plays an important role in the induction of 
migration-disposition. 

In the present study, the above theory has been tested in another genus of 
migratory fish, namely the Pacific salmon, Oncorhynchus. The specific purposes 
of the investigation were threefold. In the first place the annual cycle of salinity 
preference was studied to ascertain whether the seaward migration of juvenile 
salmon coincides with seasonal changes in salinity preference. Results of an 
earlier study by Housten (1957) showed that juveniles of several species of 
Oncorhynchus responded positively to sea water at the time of migration. In 
the present investigation Houston’s experiments were extended over a longer 
period of time and more species were studied. In the second place, attempts 
were made to control the time at which changes in salinity preference occur by 
manipulation of the daily photoperiod. In the third place thyroid activity was 
studied in relation to migration and salinity preference by (a) attempts to cor- 
relate activity of the gland (as measured by the uptake of radioiodine, I'*!) with 
migration and changes in salinity preference, and (b) by attempts to induce 
changes in preference by administration of thyroxine and thyroid inhibitors 
(thiourea and thiouracil). 
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MATERIAL AND METHODS 





Stocks of young salmon were held in running tap water. During the winter the temperature 
was as low as 4°C, but rose during summer to about 12°C. Fish were exposed to natural lengths 
of daily illumination except for short irregular periods of artificial light after darkness when people 
were working in the culture room. The animals were fed ‘“‘Clark’s fish food” and were generally 
in good condition, although in most cases they did not grow as rapidly as they might have done 
under natural conditions. 

The method of testing salinity preference in young salmon has been described by Houston 
(1957). A summary of the technique will be given here to facilitate reading of this paper. It 
should be emphasized at the outset that this method of testing salinity preference can only be used 
with actively swimming fish, which frequently come into contact with the fresh and salt water. 

Tests were carried out in wooden troughs (180 by 18 by 30 cm deep) placed side by side in a 
water bath to maintain temperature. Each trough was divided into three tanks so that 6 different 
groups of fish could be tested simultaneously. Each tank was divided into two compartments. 


Cc 5 SALINITY TROUGH 
(ALTERNATELY FRESH AND SALT WATER) 
CONTROL TROUGH 
(ONLY FRESH WATER ) 


—_—) 
TANK 











Fic. 1. Troughs used for salinity tests. In the salinity trough the compartments A, D and E 
contained salt water and B, C and F fresh water. In the control trough all compartments were 
filled with fresh water. For further explanation see text. 












In the salinity trough (Fig. 1) the compartments A, D and E contained fresh water and the alternate 
compartments salt water. The concentration of the salt water (diluted sea water) varied between 
18 and 24 parts per thousand. In the control trough (Fig. 1) all compartments were filled with 
fresh water. To connect the two compartments of each tank, a layer of fresh water was allowed 
to flow over the top of the partition between them. This enabled the fish to move freely from 
one compartment of a tank tothe other. Fish that had to be tested were divided into two groups; 
one lot was placed in one of the three tanks in the salinity trough and the other in the corresponding 
tanks in the control trough (thus e.g. one lot in A—B and the other in a-b, etc.). 

The control tests (both compartments filled with fresh water) were run to determine whether 
the fish showed any particular preference for the compartment in which they were placed initially. 
If there were a bias for this position, it might be expected that the fish in the salinity trough would 
also have this position preference and it might obscure a true salinity preference. The tests, 
therefore, were run in such a way that if the fish were placed in compartment A of the salinity 
tank, the fish in the control tank would be placed in compartment a. If the fish in the control 
tank had no preference, or if they preferred a compartment not occupying the same position as 
the fish in the salinity tank preferred (e.g. a and B, or b and A), then it was assumed that the 
latter fish showed a true preference for either salt or fresh water. However, if the fish in the 
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salinity tank selected a compartment corresponding in position to the one the controls preferred 
(e.g. A and a, or B and b), then it was uncertain whether, in the former group, position preference 
had interfered with salinity preference. In such cases the tests were repeated. 

The number of fish tested in each tank varied between 5 and 10, depending on their size. The 
duration of the tests was 160 minutes or longer and observations on the positions of the fish were 
taken every 20 min for a period of 10 min. During those 10 min notes on the positions of the 
fish were taken every 2 min. Thus, if 5 fish were used during a test of 160 minutes a total of 
5 X 8 X 5 = 200 positions were recorded. Salinity determinations made at the beginning and 
the end of the test periods sometimes showed considerable mixing of the fresh and salt water, 
although the salinity in the salt water compartments always remained higher than in the fresh- 
water compartments (see also Houston, 1957). 

The number of fish present in each of the fresh and salt water compartments of the tanks 
at the various intervals were added and the chi-square test used to determine deviation from 
uniform distribution over the two compartments. In this way salinity preference and position 
preference could be determined. In the text figures salinity preference, or position preference 
in the controls, is expressed in levels of significance of choice for either of the two compartments. 
These levels are represented by symbols (see Fig. 4). The small symbols give the result of tests 
of 160 minutes or longer, whereas the large symbols over the series of small symbols represent the 
result of the combined data of the series. 

Several minor changes were made in Houston’s (1957) procedure. The acclimatization period 
(time between placing of the fish in the tanks and the beginning of the tests) was reduced from 
6-8 hours to not more than 20 minutes. Tests were carried out during the day rather than night 
when it was found that the salinity preference of the animals was the same whether they were 
tested in the morning, afternoon or at night. 

In experiments with controlled photoperiods of 8 and 16 hours of light per day, the fish 
were kept in large concrete troughs covered with a lightproof box. Controls were kept in similar 
troughs without cover and exposed to the normal laboratory illumination (natural length of day), 
while the temperature of the flowing water was the same in all groups. 

Thyroxine (British Drug Houses), thiourea (Fisher Scientific Co.) and thiouracil (Nutritional 
Biochemical Co.) were administered by dissolving them in the ambient water. Fish were kept 
in large glass jars or wooden boxes containing 10 or 20 litres of solution. These were placed in 
running tap water to maintain temperature. The water was well aerated and the solutions 
renewed each day. 

To determine thyroid activity 0.05 cc water containing a tracer dose of radioiodine (I 
to the amount of 4, 5 or 6yuc was injected into the body cavity. At intervals fish were killed and the 
thyroid removed by cutting out the lower jaw. The activity of the gland was expressed in per- 
centage uptake of the injected dose. In later experiments blood samples were also taken to 
measure levels of radioiodine. The blood was obtained by cutting the dorsal artery behind the 
head and by sucking up the blood that welled out of the wound into a Pasteur pipette. This 
method was rather crude, since blood might have been mixed with minute quantities of tissue 
fluid. However, in these small fish it was impossible to withdraw blood from the heart. The 
blood was placed in a planchet and weighed to four decimal places (to 1/10 of a milligram). 
Planchets were covered with ‘‘Parafilm” to prevent evaporation. The expression of blood radio- 
activity presents a different problem from that of thyroid activity, since one is dealing with a 
substance dissolved in unknown quantities of blood which obviously vary with the size of the fish. 
Thus, body weight must be taken into account. This has been done by using the ‘“‘biological 
concentration coefficient’, in which the percentage dose per gram of blood is multiplied by the 
body weight in grams (Comar, 1955). In the present study this coefficient has been divided by 
100 to obtain values that could be more easily compared to thyroid uptake rates. 

Two different counting methods were used. In the initial experiments 8 rays were counted 
with a Geiger-Miiller counter. However, 8 rays are easily absorbed by surrounding tissues and 
fluids (‘‘self-absorption"”). Therefore, in later work y rays were counted with a scintillation 
counter. This method eliminates “‘self-absorption’’ and provides a simpler procedure, since 
digestion of the tissues and blood is unnecessary. 
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SALINITY PREFERENCE IN DIFFERENT SPECIES OF JUVENILE SALMON 
IN THE COURSE OF THE YEAR 


SALINITY PREFERENCE IN FRY AND UNDERYEARLINGS 
CHUM SALMON (Oncorhynchus keta) 


Chum fry cannot be maintained for long periods in fresh water. The 
animals used in the experiments hatched in the laboratory in March and grew 
relatively well until June when mortality began to increase. By November 
all animals had died. In the tests only apparently healthy and active specimens 
were used. When tested for the first time in April the fish measured on the 
average 4.0 cm; in September their average length was 6.2 cm. 

Figure 2 shows that in April (when the yolksac had just disappeared) the 
fish preferred fresh water, although the result of the tests was not absolutely 
conclusive since the control fish had a weak preference for the compartments 
occupying the same position. At the beginning of May a change in preference 
occurred and for the remainder of the tests the chums showed a consistent salt- 
water preference. In these cases the control experiments indicated that position 
preference could not have interfered with salinity preference. Chum fry are 
known to migrate seaward during the spring and summer of their first year 
and usually die when retained in fresh water (Clemens and Wilby, 1946; Hoar, 
1958). The salinity tests showed that during this entire period the animals 
have a consistent salt water preference. 


PINK SALMON (Oncorhynchus gorbuscha) 


Pink fry, like chum, cannot be readily maintained in fresh water for pro- 
longed periods. Our animals hatched in the laboratory in February and mortality 
began to increase during May, with complete mortality of the culture by the end 
of June. Only active, well proportioned specimens were used. When the animals 
were tested for the first time in February, they measured on the average 3.8 cm 
and in June 5.2 cm. 

Figure 2 shows that in February (when the yolksac was not quite absorbed), 
in March and at the beginning of April the fry had a preference for fresh water. 
However, at the beginning of May they changed preference and preferred salt 
water. After this date no further tests could be made as most animals had died. 
It is known that pink fry, like chum, migrate to the ocean in the course of their 
first spring and summer and do not usually survive in fresh water (Clemens and 
Wilby, 1946; Hoar, 1958). The salinity experiments showed that during this 
period the fish have a consistent salt water preference. 


SOCKEYE SALMON (Oncorhynchus nerka) 


Sockeye fry and underyearlings can live in fresh water for long periods of 
time but in our cultures most animals died before December of their first year. 
When they were tested for the first time in March they measured on the average 
3.0 cm and in October their average length was about 7.1 cm. 
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Figure 2 shows that in March (when the yolksac had just been absorbed), 
the animals preferred fresh water, although the preference of the controls indicated 
that some position preference may have interfered with salinity preference. 
In April the preference had changed and from that time until the end of August 
the fish had a consistent salt water preference (except in June when they showed 
no preference). In September, however, the preference changed again and the 
animals once more preferred fresh water. In nature, sockeye fry usually stay 
in fresh water for one or more years before migrating seaward. However, it is 
known that at some places near the ocean,fry migrate into the sea during spring 
and summer of their first year (Clemens and Wilby, 1946; Hoar, 1958). The 
results of the salinity tests showed that the fish had a salt water preference at 
the time of the year that they may migrate into the ocean. The fact that at 
the end of the summer the fish changed preference and once more preferred 
fresh water ties in with the observations that the majority of fish stay in fresh 
water for one year or longer before migrating seaward. Sockeye salmon mature 
and produce offspring when landlocked (‘‘kokanee’’ salmon). 


CoHO SALMON (Oncorhynchus kisutch) 


Coho fry and underyearlings can easily be held in fresh water for one or 
more years. In our cultures they lived for a long time in fresh water, although 
they did not grow as rapidly as they would have done in nature. In March, 
when they were tested for the first time they measured about 3.4 cm and by 
November their average length was 6.5 cm. 

Figure 2 shows that the animals during their first spring and summer con- 
tinuously preferred fresh water, with only two exceptions, viz. in March when 
they had no preference, and at the end of May when they seemed to prefer salt 
water. It must be emphasized that in the latter case (and in other instances 
when coho fry preferred salt water), although the animals were in the salt water 
compartment, they remained near the surface most of the time. This means that 
they stayed in water with a low degree of salinity and did not remain in the 
deeper, saltier part of the compartment. This behaviour is in contrast to that 
of the other three species which always moved to the bottom on entering a com- 
partment (thus into higher salinities). This means that the salt water preference 
of coho fry was weaker than that of the other three species during the same 
period of time. Besides, general observations indicated that the period during 
which the animals had a weak preference for salt water was much shorter than in 
the other three species. After May the freshwater preference was consistent and 
definite. In September and October position preference may have interfered 
(see control series), but the test-series of November showed conclusively that the 
animals preferred fresh water. 

In the above experiments the animals were raised under laboratory conditions 
which, of course, differ considerably from the natural environment. The results 
of tests with underyearling coho caught in streams are indicated in Fig. 2 by the 
letter ‘‘S’’, and it is evident that there was no difference in the behaviour of salmon 
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raised in the laboratory and of those that had lived under natural conditions. 
Unfortunately wild stocks of the other species of fry were not available for study. 
In nature coho fry usually stay in fresh water for one or more years before 
migrating to the ocean (Clemens and Wilby, 1946; Hoar, 1958). Small numbers 
of fry may appear in estuaries between April and June, but there are indications 
that they do not survive in full sea water (Black, 1951; Hoar, 1958). This ties 
in with the fact that the animals never had a strong preference for salt water, 


and that during most of the spring and summer of their first year they strongly 
preferred fresh water. 


SALINITY PREFERENCE IN YEARLING SALMON 


Sockeye and coho salmon usually remain in fresh water for one year or 
longer before migrating seaward. In the previous experiments it was shown 
that after a period of strong (sockeye), or weak preference for salt water (coho) 
in spring and summer of their first year the fish changed preference to fresh water. 
It was, therefore, of interest to study their salinity preference in the course of the 
next spring and summer when the animals migrate seaward as smolt. 


SOCKEYE YEARLINGS 


The first yearling animals that could be caught in nature were smolts 
migrating out of lakes to the ocean. Smolts caught in April measured on the 
average 9.5cm. They were afterwards kept in the laboratory for 6 months, and 
tested for the last time in October when they measured about 14.8 cm. 

Figure 3 shows that through April, May and June the fish had a strong 
persistent salt water preference. Between August and October, however, this 
preference disappeared and they had no preference for either salt or fresh water. 
Migration of sockeye smolts begins in April and lasts through spring and part 
of the summer (Clemens and Wilby, 1946). The salinity tests showed that during 
this period the animals had a strong salt water preference. However, sockeye 
yearlings survive in fresh water when retained beyond their normal migration 
time and this corresponds with the fact that after this period (at the end of 


the summer) the animals lost their preference for salt water and became indifferent 
with regard to salinities. 


COHO YEARLINGS 


Coho juveniles can be maintained under laboratory conditions for prolonged 
periods. In the present experiments animals were used that had been hatched 
in the laboratory, and others that had been caught in streams. The latter are 
marked with ‘‘S’’ in Fig. 3. The tests were run in 1957 and 1958. 

Figure 3 shows that at the beginning of March (when they were about 8.3 
cm long) the fish preferred fresh water, although the control series indicated 
that this result may have been biased by position preference. The animals 
were tested again at the end of March and in April and preferred salt water. 
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laboratory since hatching in 1957. In January they measured on the average 
7.9 cm and in March 8.5 cm. Fig. 3 shows that through January and February 
the fish preferred fresh water. Between March 8 and 30, animals were tested 
that had been caught in streams. They were of average length 7.8 cm and 
looked more like parr (non-migratory stage) than like smolts. Figure 3 shows 
that they preferred fresh water. This made it unlikely that they were in the 
migratory phase. Animals caught later in the season (latter part of April and 
first part of May) were silvery, like smolts, and their average length was 8.6 
cm. As can be seen from Fig. 3 these animals had a strong preference for salt 
water. They were maintained in fresh water and when tested again in June 
and July they had changed preference and once again preferred fresh water. 
Coho smolts migrate seaward during spring and the salinity tests showed that 
during this time they had a strong preference for salt water. They are known 
to survive in fresh water, although they do not often mature under these con- 
ditions as sockeye do (Clemens and Wilby, 1946). The fact that after the 
migratory period the animals changed preference and once again preferred fresh 
water ties in with these observations. 

From this series of experiments the following conclusions can be drawn. In 
4 species of Oncorhynchus the beginning of the migration period is marked by a 
change in preference from fresh to salt water. This preference is maintained 
during the whole period in which the fish migrate seaward. This shows that a 
change in preference from fresh to salt water can be used as criterion for the 
induction of migration-disposition (page 296). Furthermore, in coho and sockeye 
fry and smolts the end of the migration period is marked by a change in preference 
from salt to fresh water, apparently indicating a re-adaptation to the freshwater 
environment in which they were retained. These two species are known to 
survive in fresh water for many years and sockeye may even produce offspring 
under these conditions. This is in contrast to the behaviour of chum and pink 
fry, which do not change preference from salt to fresh water at the end of the 
migration period, and do not often survive when retained in fresh water. The 
results are in agreement with the findings of Houston (1957) who reported that 
pink and chum fry, and coho smolts responded positively to hypertonic seawater, 
whereas coho fry avoided hypertonic solutions. 


INFLUENCE OF THE LENGTH OF THE DAILY PHOTOPERIOD ON SALINITY 
PREFERENCE IN COHO YEARLINGS 

The above experiments revealed seasonal changes in salinity preference in 
juvenile salmon. In the stickleback it was shown that the length of the daily 
photoperiod controlled the time at which the changes in salinity preference took 
place (Baggerman, 1957, 1959), and an attempt was made to determine whether a 
similar mechanism was responsible for the cycle found in the young salmon. 

Coho yearlings were selected for the experiments. The animals were exposed 
to either 8 or 16 hours of daily illumination early in the year when the natural 
day lengths were still rather short. Controls were held under natural conditions 
of increasing day lengths. The temperature of the running tap water was the 
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All animals came from stocks reared 


quite one year old when the experiment started. 


same in all groups (6-10°C). 
The first trial began on March 3, 1957. 
about 8.3 cm and preferred fresh water. 


laboratory and were not 


At that time the animals measured 


Figure 4 shows that at the end of March 
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and the beginning of April the fish exposed to 8 hours day length still preferred 
fresh water, whereas those subjected to natural increasing day lengths and to 
16 hours day length had already changed preference to salt water. At the end 
of May and the beginning of June the 8-hour group still did not prefer salt water, 
although some change may have taken place since they were indifferent to the 
gradient. At that time the 16-hour group still preferred salt water, whereas 
those under natural day length had no preference. After this the tests were 
discontinued as the fish were no longer in good condition. 


Oo O O O 


SAL. TEST =xOx00 xooo00x 000 ogo0x00 


8 HOURS FEBRUARY 


CONTR. TEST aexxen me00xx mwOx xXXOX ml 


x x x 
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oxeoos8 xOs008 axe x<xOxmex 
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OAY LENGTH FEBRUARY MARCH APRIL MAY JUNE 


BeReee OXKOXX omx oos8o000 
CONTR. TEST 2 XXX ~~ oO 


0 


. * 0 * 


SAL. TEST Osexee @xO—x0 oos eoesaxs 


16 HOURS FEBRUARY 


CONTR. TEST SxBxxx 0o00xsgx eax DOXXxXx 


Oo * 0 


Fic. 5. Differences in onset of the change in salinity preference from fresh to salt water in 

coho yearlings exposed, since January 17, to natural increasing day lengths, and to controlled 

photoperiods of 8 and 16 hours of light per day . For further explanation of the figure and symbols 
see Fig. 4. 


The trial was repeated the next year at an earlier date. It began on January 
17 when the fish measured about 7.9 cm and had a preference for fresh water. 
Figure 5 shows that the 16-hour group had changed preference in February, when 
those under natural day length and those in the 8-hour group still preferred fresh 
water. In the latter, freshwater preference persisted until June when they 
were tested for the last time. The fish under natural length of day changed to 
saltwater preference in April, i.e. at the normal time of the year. The preference 
of the 16-hour group after February is difficult to understand: their preference 
for salt water weakened in March, and reverted to a freshwater preference in 
April; then a strong salt water preference had re-appeared by June. It is possible 
that the long day length caused the period of salt water preference to end earlier 
than under natural conditions and after some months induced a second period 
of salt water preference. However, this point awaits further investigation. 
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From these tests it can be concluded that exposure of coho yearlings to a short 
day length at an early time of the year postpones, or even inhibits, the change in 
preference from fresh to salt water. On the other hand, early exposure to a long 
day length results in an earlier change to salt water preference than under natural 
conditions, or under a short day length. As a change in preference from fresh 
to salt water indicates induction of migration-disposition, the above findings 
show that in young coho salmon the onset of seaward migration in spring is, at 
least partially, regulated by the lengthening daily photoperiod at that time of the 
year. The same thing will probably also be true in the other species of Pacific 
salmon. 


MIGRATION, THYROID ACTIVITY AND SALINITY PREFERENCE 


There is considerable evidence that migration is accompanied by changes 
in thyroid activity. Moreover, the level of thyroid hormone in the blood affects 
salinity tolerance (Koch and Heuts, 1942) and salinity preference in the three- 
spined stickleback (Baggerman, 1957, 1959). In the next series of experiments 
the thyroid gland of juvenile salmon has been examined in this connection. In 
the first experiments thyroid activity and salinity preference were studied before, 
during and after the migration period. In a second series attempts were made to 
study the effect of thyroxine and thyroid inhibitors on thyroid activity and 
salinity preference. 


METHODS TO DETERMINE THYROID ACTIVITY 


The most accurate methods for the study of thyroid activity involve the 
use of radioiodine (I''). If the uptake of this isotope is high the thyroid is 
thought to be actively producing hormone; if the uptake is low the gland is believed 
to be inactive. However, use of substances blocking hormone synthesis has 
revealed that a gland may be taking up large amounts of radioiodine, although 
its hormone synthesis may be very low. It is clear, therefore, that the activity 
of the gland in producing hormone cannot always be based on iodine-uptake 
alone. The best way to determine thyroid activity would be to measure the 
amount of hormone secreted into the bloodstream. This method is difficult or 
impossible with very small fish such as the salmon used here, so usually the 
uptake of radioiodine is used as a measure of thyroid activity. The fact remains, 
however, that one has to be extremely careful in interpreting iodine-uptake in 
terms of the activity of the gland in producing and secreting hormone. If 
possible different methods should be used simultaneously (see also Fontaine, 
Leloup and Olivereau, 1953). 

The main difficulties involved in measurements of thyroid activity with 
radioiodine have recently been discussed by Hickman (1959). As he demonstrates, 
iodine clearance by the thyroid gland is by far the most accurate method of 
following iodine metabolism. 


rate of I'*' uptake during ¢ min 


Thyroid clearance = : - 
7 mean blood conc. of I"! during ¢ min 
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. t : . ee ° 
This formula becomes 2 , where Q, is the quantity of radioiodine accumulated 


in the thyroid in an appropriate interval of time, and B is the mean concentration 
of radioiodine in the blood during the same interval. Q, is determined by taking 
the difference between the quantity of radioiodine observed in the thyroid gland 
at the beginning of the interval and the quantity present at the end. 

The time interval during which thyroid clearance is measured should be taken 
shortly after injection of the isotope, as labelled radioiodine organically bound 
in the hormone will appear in the bloodstream some time after injection, and 
thus will affect the concentration of radioiodine in the blood which is measured. 
In some species of animals this may occur within a few hours after injection. 
In salmon little is known about the time required for organically-bound iodine 
to appear in the blood. However, as can be seen from Fig. 6, 7 and 8 the uptake 
curve of radioiodine increases steadily from the first hours until at least 72 hours 
after injection, indicating that in this period more isotope is accumulated by the 
gland than secreted into the blood. This indicates that probably very little 
labelled hormone will be present in the blood during the first hours after injection. 
Other investigators also have found that thyroxine is often slow to appear in the 
blood in several species of fish (Berg, Gorbman and Kobayashi, 1959). In the 
present experiments the most suitable time interval for comparing thyroid 
activities was between 5 and 10 hours after injection. During this time thyroid 
uptake curves, and the curves representing the disappearances of isotope from the 
blood seemed to follow a straight line (see Fig. 6 and 7). For both, therefore, 
regression lines could be calculated, and hence the rate of uptake of radioiodine 
by the thyroid and the mean concentration of the isotope in the blood during that 
period could be determined. From these two values thyroid clearance was 
calculated. When this figure is high, it means that the thyroid gland was able 
to accumulate more radioiodine than when it is low. Generally speaking this 
indicates that in the first case the thyroid was more active in producing hormone 
than in the second, although the latter could not be proven. 


TuHyroip ACTIVITY AND SALINITY PREFERENCE BEFORE, DURING AND AFTER 
THE MIGRATION PERIOD 


Coho yearlings were used that had been caught in streams in spring. The 
results of the tests are given in Fig. 6 and 7 and in Table I. 

The first group was caught between March 8 and 30 in the Salmon River 
near Vancouver, B.C. They showed rather distinct parr marks and were quite 
small (on the average 7.8cm). This indicates that these fish were not yet in the 
migratory phase, and this was confirmed by the results of the salinity tests which 
showed a preference for fresh water. Thyroid clearance between 5 and 10 hours 
after injection was 0.07. 

In the period between April 2-10 another group of yearlings was caught, this 
time in Capilano River, North Vancouver, B.C. These animals, too, had rather 
distinct parr marks and their average length was 7.9cm. Salinity tests revealed 





BAGGERMAN: SALINITY PREFERENCE 
THYROID CLEARANCE IN MARCH: g30 =007 


MEAN CONC. 5-10h:441% 


ee Se 
1s 25 
HOURS AFTER INJECTION 


THYROID UPTAKE 5-I0h: 030% 


is 20 25 
HOURS AFTER INJECTION 


AND SEAWARD MIGRATION OF SALMON 


309 


THYROID CLEARANCE APRIL 35° =0.28 


131 


BLOOD MEAN CONC. S- 10h: 472% 


-4-2 


| 


piceiiatie 
54-----8-4--- 
= 


is 2 
HOURS AF TER INJECTION 


THYROID UPTAKE S~I0h:130% » . 


1s 20 
HOURS AFTER INJECTION 


Fic. 6 and 7. Uptake of radioiodine by the thyroid gland, and levels of I in the blood of 
coho parr caught in March and at the beginning of April shortly before the onset of migration. 
Thyroid clearance was determined between 5 and 10 hours after injection of the tracer dose. 


TABLE I. Salinity preference and thyroid clearance in salmon parr and smolts. 


Coho yearlings 


| 


Parr 


Parr 


Smolts 


March 8-30 | April 2-10 | May 1-7 


Salinity pref. 
(6 tests or more) 


fresh 
PZ 0.01 


0.30 
4.41 


fresh 
| P<Z0.01 
1.30 _ 
| 4.72 


salt 
PZ 0.01 


1.10 


4.02 


= 0.07 0.28 = 0.27 


Thyroid clearance (2) 


Sockeye yearlings 


Smolts 
April 2-10 | 


Salinity pref. pore | 


salt 
(6 tests or more) 


| P<0.01 
| 1.45 


). 
Thyroid clearance (2) | 6.74 


Smolts 
June 20-30 


fresh 
PZ 0.05,5 0.01 


June 20-30 


salt 
PZ 0.01 
0.45 


—— = 0.10 
4.46 
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that they still preferred fresh water. However, thyroid activity was greatly 
increased compared to that in the previous group, for thyroid clearance was now 
0.28, thus 4 times as high. 

In the first week of May a group of yearlings was caught at a counting 
fence in Capilano River while migrating seaward. These fish had lost most of their 
parr marks and further showed all characteristics of the smolt phase. Their 
average length was 8.6 cm. The animals had a strong preference for salt water, 
also indicating that migration-disposition had been induced. In most animals 
thyroid activity was as high as in the previous group (0.27). 

Finally, salinity preference and thyroid activity were determined in a group 
of Capilano coho yearlings that had been caught in the first week of May (same 
as the previous group) and had been maintained afterwards in fresh water until 
July, when the natural migration period ends. At that time they measured 
about 9.6 cm. Salinity tests showed that the animals had changed preference 
and once more preferred fresh water. This means that they had re-adapted to 
the fresh water environment in which they had been retained. Thyroid activity 
showed a sharp decrease compared to May as thyroid clearance was only 0.14, 
about half of the former value. 

An almost similar series of tests was carried out with sockeye smolts (Table 
I.) When the animals were caught at the beginning of April they were migrating 
out of Cultus Lake, near Chilliwack, B.C., and measured on the average 9.5 
cm. At that time they preferred salt water and thyroid clearance was 0.22. 
These fish were maintained afterwards in fresh water and tested again at the end 
of June when the migration period about ends. At that time they still preferred 
salt water, but thyroid clearance had dropped to 0.10, showing that at this time 
thyroid activity was about half of the value as that at the beginning of the 
migration season. 

The conclusion from these experiments is that there is a very close correlation 
between the onset, or end, of the migration period and changes in thyroid activity. 
In coho yearlings thyroid activity increased before the fish had changed preference 
from fresh to salt water, thus before migration-disposition had been induced. 
Thyroid activity remained high in both coho and sockeye salmon during the 
migration period and decreased towards the end. Moreover, in sockeye thyroid 
activity decreased before the animals had changed preference from salt to fresh 
water, thus before the actual end of the migration period and the subsequent 
re-adaptation to fresh water. These findings make it very likely that increased 
thyroid activity may be one of the factors inducing migration-disposition, whereas 
decreased thyroid activity may be a factor involved in terminating the migration 
season. 

Objections may be raised against this interpretation, since some investigators 
believe that at the time of migration the fish are under additional osmotic ‘‘stress’’, 
because they are no longer fully adapted to their freshwater environment. This 
“‘stress’’, it is suggested, may cause the increase in thyroid activity. If it were 
true that in migrating animals the freshwater medium exerts osmotic ‘‘stress’’ 
and thus causes an increase in thyroid activity, one would expect a decrease in 
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this activity as soon as the fish have reached the ocean, or have been placed in 


sea water. The experiments designed to test this point are described in the 
following section. 


Tuyroip ACTIVITY OF YOUNG SALMON KEPT IN FRESH WATER AND SEA WATER 
AFTER THE ONSET OF MIGRATION 


CHUM FRY 


As shown in Fig. 2, chum fry kept in fresh water had a consistent salt water 
preference beginning shortly after hatching and persisting through spring and 
summer until they died around November. The experiment was carried out at 
the beginning of August, after the natural migration season had ended. The 
animals had been kept since hatching in fresh water and measured on the average 
6.3 cm. Only healthy-looking individuals were used. Part of the fish were 
transferred to sea water while the rest remained in fresh water. The transfer 
from fresh to sea water was made gradually over 48 hours. After this they were 
kept in sea water (25 parts per thousand) for 5 days before thyroid activity was 
determined. Thyroid clearance could not be measured as the fish were too small 
for blood sampling. Therefore, comparison could only be made on the basis of 
iodine uptake by the thyroid gland. 

Figure 8 shows that thyroid activity was equally high in the sea water fish as 
in animals maintained in fresh water. It might be objected that the iodine 
uptake curves cannot be directly compared because the iodine content of the fresh 
water was lower than that of sea water. It is known that in some species the 
uptake of radioiodine is higher in animals living in iodine-poor water than in 
those living in iodine-rich habitats (Hickman, 1959). If this were also true in 


. 131 @ FRESH WATER 
te It x SEA WATER 





° 10 20 30 40 so 60 70 80 
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Fic. 8. Uptake of radioiodine by the thyroid gland of chum fry maintained 
in fresh water and sea water at the end of the migration season. 
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these chum fry, one would expect a lower uptake of isotope in the freshwater 
group if this water had been enriched with iodine to the level of sea water. In 
this case it would have been even more obvious that elimination of osmotic 
““stress’’ does not reduce thyroid activity, for had this been true the uptake of 
isotope in sea water would have even been higher than in fresh water. A further 
interesting point is that the thyroid uptake of radioiodine in chum fry, whether 
in fresh or in sea water, is one of the highest found in the present series of experi- 
ments (compare Fig. 8 with 6 and 7). . 

However, it might also be argued that 5 days in sea water was not long 
enough for thyroid activity to decrease as a result of the elimination of osmotic 
‘stress’. In another experiment sockeye smolts were maintained in fresh and in 
sea water for a long period of time after the onset of seaward migration. 


SOCKEYE SMOLTS 


The animals had been caught while migrating out of Cultus Lake at the 
beginning of April; they came from the same group as those described on page 
310. Shortly after capture, some fish were gradually transferred to sea water 
(25 parts per thousand) and the other part remained in fresh water. Salinity 
tests made at the time of capture showed that the fish had a strong preference 
for salt water, and when the freshwater group was tested again at the end of June 
they still preferred salt water (Table I). Owing to circumstances the sea water 
group could not be tested, but it is very likely that they too would have preferred 
salt water. Determination of thyroid activity showed that thyroid clearance 


(between 5 and 10 hours after injection) was 0.08 ( 


2\. 
288) in the sea water group, 


0.45 
and 0.10 ( #) in the freshwater animals. Had the fresh water been enriched 


with iodine, thyroid activity would most probably have been lower. Therefore, 
it is very unlikely that osmotic ‘‘stress’’ caused by the freshwater environment 
would have been the only cause of the high thyroid activity in migrating juvenile 
salmon. 

The conclusion from these experiments is that it is very unlikely that thyroid 
activity in migrating salmon is high only because the animals are under osmotic 
‘stress’, because the increase in thyroid activity occurs shortly before the fish 
can be considered to be under “‘stress’’. Furthermore, thyroid activity decreased 
towards the end of the migration period when the animals were retained in fresh 
water and thus were still under osmotic ‘“‘stress’’. Finally, it has been shown that 
elimination of osmotic ‘‘stress’’ does not reduce thyroid activity. 


THE EFFECT OF THYROXINE AND THYROID INHIBITORS ON THYROID ACTIVITY 
AND SALINITY PREFERENCE 


If it were true that increased thyroid activity is one of the factors inducing 
migration, and decreased activity one of the factors ending it, then one would 
expect that administration of thyroxine, or of thyroid inhibitors, would also 
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affect migration-disposition. This was the case in the stickleback, where it was 
shown that thyroxine and thiourea had opposite effects on salinity preference and 
thus on migration-disposition (Baggerman, 1957, 1959). Similar experiments 
were carried out with coho juveniles, and in addition the effects of thyroxine and 
thiourea on iodide uptake were measured to determine the extent of their 
influence on the hormone synthesis by the gland. 


EFFECT OF THYROXINE AND THIOUREA ON THE UPTAKE OF RADIOIODINE BY 
THE THYROID GLAND 


In July coho yearlings of about 8 cm long were pretreated with thyroxine 
(1:10°) and thiourea (0.036%) and tested with radioiodine. The fish were 
killed at intervals within 8 hours after injection. Thyroid clearance, between 
3 and 7 hours, is given in Table II. 


TABLE II. The effect of treatment with thyroxine and 
thiourea on thyroid clearance in young salmon. 








Thyroid clearance: 5 





Duration of | Controls Thyroxine  Thiourea 








treatment (not treated) treated treated 
1.44 0.20 0.36 
, ——=(0,24 —==+003 ——=0.0 
3 days 5 0.24 501 0.03 515 0.07 
1.56 1.00 0.76 
r ——— = (), ——_ = 0. —_ = ().16 
Says 5.42 “- S.a2 me 4.81 ne 
6 days 0.80 = 0.14 0.27 = 0.05 0.19 = 0.04 


3.09 5.45 4.68 


It is evident that in all three trials the treatment with thyroxine and thiourea 
reduced the amount of radioiodine taken up by the gland. The decrease in 
uptake under the influence of thyroxine might be caused by the suppressing effect 
of a high level of blood thyroxine on the output of thyroid-stimulating hormone 
(TSH) by the pituitary gland, or by a direct inhibition of the iodide-trapping 
mechanism (Van der Laan, 1955; Chavin, 1956). However, the reduced uptake 
of radioiodine under the influence of thiourea is more difficult to explain. From 
literature on higher vertebrates it is known that thiourea and related compounds 
do not affect the iodide accumulation by the gland, but only interfere with 
hormone synthesis. However, the present experiment showed that in young 
salmon thiourea did (also?) interfere with the iodide accumulating mechanism. 
Chavin (1956) also found a lowered uptake of I'*! by the thyroid in the goldfish 
under the influence of thiouracil. On the other hand Leloup (1952) reported that 
anti-thyroid substances did not reduce thyroid uptake of radioiodine in two 
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species of marine teleosts. It seems, therefore, that in some species of fish the 
thyroidal process which is inhibited by thiourea (or thiouracil) may be different 
from that in mammals. 


INFLUENCE OF THYROID INHIBITORS AND THYROXINE ON SALINITY PREFERENCE 


For these experiments coho yearlings were used varying in age from 11 to 
16 months and measuring between 8 and 10 cm. The concentrations used were 
thyroxine 1:10° and thiourea 0.036%. In trials which lasted longer than 6 days 
the concentrations were doubled after the sixth day. Tables III and IV give the 
results and in addition the duration of the treatment, the number of days of 
treatment after which the salinity tests started, and the number of tests made. 


EFFECT OF THIOUREA AND THIOURACIL. Table III shows that in 3 out of 
the 4 trials the fish initially preferring salt water changed preference to fresh 
water after treatment with thyroid inhibitors. In the remaining trial the original 
salt water preference persisted, although the number of positions in salt water 
decreased slightly compared to the controls. When the data obtained in these 
4 trials are combined it shows that under the influence of thyroid inhibiting 
substances animals initially preferring salt water changed preference and preferred 
fresh water. Only two trials were made with fish initially preferring fresh water 
but the results were inconclusive. 


EFFECT OF THYROXINE. Table IV-A shows that in animals preferring 
fresh water thyroxine did not induce a change in preference, although the figure 
for the total number of positions in salt water showed a slight increase compared 
to the controls. From Table IV-B it can be seen that in 4 out of the 6 trials 
thyroxine did not influence the original salt water preference; in one trial it made 
the fish indifferent to salinity, and in the other it changed the preference into one 
for fresh water. The combined data seem to indicate that thyroxine did not 
appreciably affect the salt water preference. However, further experimentation 
with different concentrations is needed before any definite conclusions can be 
drawn. 

The general conclusion is that treatment of young salmon with anti-thyroid 
substances induces a change in preference from salt to fresh water. This ties 
in with the observations that before the onset of migration the animals have a 
low thyroid activity and show a preference for fresh water (Table I). If it were 
true that anti-thyroid substances induce a freshwater preference, then one would 
expect an opposite effect of thyroxine, namely induction of a salt water preference. 
This would be in agreement with the fact that at the onset of migration young 
salmon show high thyroid activity and prefer salt water. However, as the results 
given in Table IV indicate, synthetic thyroxine did not produce any appreciable 
effect on salinity preference. This disagreement with the expected result might 
be explained as follows. On page 313 it was shown that thyroxine, like thiourea, 
reduced the amount of radioiodine taken up by the thyroid, suggesting a reduced 
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activity of this gland in producing hormone. If exogenous thyroxine cannot 
fully take over the role of endogenous thyroxine (perhaps due to species specificity), 
this would explain why exogenous hormone has so little effect on salinity prefer- 
ence. On the one hand, there is little endogenous hormone circulating in the 
blood causing an effect similar to that of thiourea. On the other hand, there 
is much exogenous thyroxine present that has some effect, but not as much as 
endogenous hormone. The result would be that both effects on salinity preference 
counterbalance each other, explaining the absence of any influence of synthetic 
thyroxine on salinity preference. However, the experiments should be repeated, 
particularly with different concentrations, before any definite conclusion can 
be drawn on the influence of thyroxine on salinity preference in juvenile salmon. 


DISCUSSION AND CONCLUSIONS 


There is evidence that before the onset of migration a change takes place 
in the physiology of the animals which together with appropriate external con- 
ditions is responsible for the initiation of migration. A review on the present 
status of our knowledge on this subject has been given by Baggerman (1960). 
The change in the physiological condition is reflected in the accompanying 
changes in salinity preference. It was found that coho and sockeye juveniles 
(fry as well as smolts) had a preference for salt water at the time of seaward 
migration. This preference was somewhat weaker in coho fry than in sockeye 
fry. Outside the migration season they preferred fresh water, indicating that they 
were able to re-adapt to the freshwater environment in which they survive for 
many years when landlocked. These fish rarely migrate seaward as fry, but 
undergo smoltification before migrating seaward when one year or older. This 
process is thought to be a physiological preparation necessary to survive in sea 
water. If the Salmonidae are considered to be of freshwater origin (Tchernavin, 
1939), these two species of Oncorhynchus would seem to be more closely related 
to the parental type of freshwater fish; the coho perhaps closer than the sockeye. 
Chum and pink salmon migrate seaward as fry and prefer salt water at that time. 
Moreover, they are able to survive in sea water without undergoing smoltification 
and are unable to re-adapt to fresh water at the end of the migration season when 
landlocked. It seems, therefore, that chum and pink salmon have evolved farther 
from the freshwater parental type than the coho and sockeye. These results 
fully support Hoar’s hypothesis (1958) with regard to the evolution of seagoing 
behaviour in Oncorhynchus, in which he considers the behaviour of the coho to 
be nearest to the parental type, and that of the pink to be farthest evolved, 
with that of sockeye and chum intermediate. 

The change in physiological condition occurring at the time of migration 
undoubtedly comprises changes in more than one process. Under natural 
conditions it may be assumed that when a change occurs in salinity preference, 
other physiological changes associated with migration will have occurred at the 
same time. In this case a change in salinity preference can be used as a criterion 
for the induction of migration-disposition. Also under experimental conditions 
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it seems likely that a change in preference can be used as criterion for induction 
of migration-disposition, although it must be kept in mind that only the salinity 
preference may have changed and not the other processes associated with 
migration. 

Experiments on the influence of the daily photoperiod on salinity preference 
showed that a short day length postponed, or even inhibited, the change in 
preference from fresh to salt water, whereas a long day length induced an earlier 
change. A similar effect of the length of the daily photoperiod on salinity 
preference was found in the three-spined stickleback (Baggerman, 1957, 1959). 
However, in juvenile salmon a long day length induced a salt water preference, 
whereas in sticklebacks it caused a freshwater preference. This is presumably 
caused by a different adaptation of the two species to the long day length. In 
addition, the fact the stickleback in spring is a maturing fish, whereas the salmon 
is immature may also play a role. The main point, however, is that in both 
species the length of the daily photoperiod controls the time of induction of a 
change in salinity preference and thus, most probably of migration-disposition. 
In juvenile salmon the lengthening of the days in spring induces seaward migration, 
whilst in the stickleback it causes migration to fresh water. It is very likely 
that the effect of the photoperiod is achieved by pituitary stimulation, particularly 
the pituitary-thyroid system. 

The probable role of the pituitary-thyroid system is indicated by the obser- 
vations that in the majority of migrating species of fish the thyroid gland is hyper- 
active at the time of migration. The literature has been reviewed by Fontaine 
(1946, 1948, 1954, 1956), Fontaine and Koch (1950), Hoar (1951, 1953), Bagger- 
man (1957, 1960), Pickford and Atz (1957), Fage and Fontaine (1958). In 
the present investigation conclusive evidence is given that thyroid activity 
increased in both coho and sockeye yearlings at the onset of migration. This 
confirms the observations of Hoar and Bell (1950), who found histological evidence 
for thyroid hyperactivity in these species. However, these authors were unable 
to detect histological signs of hyperactivity in migrating chums, although in the 
present investigation thyroid activity in chums was as high as that in coho and 
sockeye migrants. The same authors reported abnormally high thyroid activity 
(hyperplasia) in chum and pink fry maintained for prolonged times in fresh 
water, but Hoar (1959) suspects that this reflected a pathological condition caused 
by the diet and low iodind¢ content of the water. It is very desirable, therefore, 
that determination of thyroid activity in chum fry should be repeated in more 
carefully controlled experiments. 

The available information seems to justify the assumption that a casual 
relationship exists between the increase in thyroid activity and the onset of 
migration. This hypothesis is supported by experimental evidence. If the 
increase in thyroid activity is a causal factor in the induction of migration- 
disposition, then one would expect this increase to occur shortly before the onset 
of migration. This was actually found in coho yearlings. Furthermore, in 
sockeye yearlings thyroid activity decreased before the end of the migration 
season, suggesting a causal role of this gland in the termination of migration. 
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There is also experimental evidence for a direct influence of thyroid hormone 
on migration-disposition. In yearling coho salmon thyroid inhibitors induced a 
change in preference from salt to fresh water. In sticklebacks thiourea also 
influenced salinity preference and induced a salt water preference (Baggerman, 
1957, 1959). Again a difference in adaptation must have been responsible for 
this difference in response, although it is difficult to conceive of the mechanism 
involved. Furthermore, in sticklebacks thyroxine caused a freshwater preference, 
although in salmon it was ineffective, at least in the concentration used. The 
general conclusion is that the level of thyroid hormone in the blood affects 
salinity preference and thus, most likely induces migration-disposition. The 
above conclusion is supported by findings of Smith (1956) who reported that 
thiourea diminished salinity tolerance in Salmo trutta, whereas thyroxine had a 
promoting effect. Fontaine and Baraduc (1954) found that thyroxine induced 
increased salinity tolerance in S. gairdneri, but Hoar (1949, unpublished) did 
not find any effect of thyroxine on salinity resistence in fry of Oncorhynchus 
kisutch. Thyroxine reduced salinity tolerance in sticklebacks (Koch and Heuts, 
1942), which is in agreement with the above reported findings that it also induced 
a freshwater preference. 

So far, the information given here strongly suggests a causal role of the 
pituitary-thyroid system in the induction of migration. However, it is possible 
that various other factors operating at the time of migration may be involved in 
changing thyroid activity, such as diet, metamorphosis, osmotic ‘‘stress’’ and 
iodine content of the water. The influence of these factors on thyroid activity 
has been reviewed (see literature cited on page 318), and only those factors which 
are concerned in the present investigation will be discussed here. 

Some species of fish undergo metamorphosis at the onset of migration 
(smoltification in Salmonidae). There is evidence that metamorphosis is cor- 
related with increased thyroid activity and that thyroxine is able to induce changes 
comparable to smoltification. The literature has been summarized by Pickford 
and Atz (1957). In the present investigation the increase in thyroid activity 
which took place shortly before the onset of migration coincided with smoltifi- 
cation and therefore, the latter process may have been involved. However, if 
smoltification were the only reason for the increase in thyroid activity one would 
expect this activity to decrease after completion of metamorphosis, i.e. shortly 
after the onset of migration. As Table I shows this was not the case. On the 
contrary, thyroid activity remained high for several months until shortly before 
the end of the migration season. Furthermore, thyroid activity in migrating 
chums, which do not undergo smoltification, was found to be as high as that in 
migrating coho and sockeye smolts. In sticklebacks, which also do not meta- 
morphose, thyroid activity nevertheless increases at the onset of migration. 
The conclusion, therefore, is that the occurrence of metamorphosis may have some 
additional effect on thyroid activity, but cannot be the only factor responsible 
for the increase taking place at the onset of migration. 

Osmotic ‘‘stress’’ has also been mentioned as a factor which may cause 
thyroid hyperactivity at migration time. The observations that thyroid activity 
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is extremely high in landlocked migrants (Hoar and Bell, 1950; Hoar, 1952) seems 
to suggest that the thyroid gland may be involved in counteracting the metabolic 
effects caused by osmotic imbalance. Changes in salinity tolerance and preference 
occurring at the onset of migration may also reflect osmotic disturbance, although 
a causal relationship has not been proven. The evidence obtained in the present 
investigation indicates that osmotic ‘‘stress’’ is not the cause of the increase in 
thyroid activity taking place shortly before the induction of migration-disposition. 
Furthermore, elimination of osmotic “‘stress’’ did not reduce thyroid activity, 
although the latter evidence may not be entirely conclusive, for Hickman (1959) 
has shown (contrary to the current opinion, Pickford and Atz, 1957), that thyroid 
activity is higher in more saline environments. With respect to the general 
occurrence of osmotic disorder at the time of migration, there is evidence that 
the increase in thyroid activity may be a causal factor, rather than a secondary 
effect. Koch and Heuts (1942) showed that thyroxine caused osmotic disturb- 
ance in sticklebacks living in salt water which led to their death. Furthermore, 
administration of thyroxine affected salinity tolerance in trout (page 319), which 
is most probably controlled by osmoregulation. It seems therefore, that the 
increase in thyroid activity at the onset of migration—caused by the photoperiod 
—disturbs osmoregulation, although the possibility cannot be excluded that the 
latter may increase the demands for thyroid hormone even further. 

The iodine contents of the water have also been mentioned as a possible cause 
of thyroid hyperactivity (Marine, 1914; Hoar, 1951, 1959; Robertson and Chaney, 
1953; Hickman, 1959), but there is no evidence that this is one of the factors 
causing increased thyroid activity during migration, since it occurs in animals 
beginning their migration in iodine-poor fresh water (e.g. salmon), as well as in 
fish commencing it in the sea (e.g. stickleback) which is rich in iodine. This view 
is also supported by the finding in the present investigation that transfer of 
migrants from fresh water to sea water did not diminish thyroid activity, although 
this evidence may not be entirely conclusive (see above). 

Finally it is concluded that in juvenile salmon the length of the daily photo- 
period controls the time at which the change in preference from fresh to salt water 
takes place and this reflects the induction of migration-disposition. There is 
considerable evidence that the day length activates the pituitary-thyroid system, 
one of the endocrine mechanisms, involved in the induction of migration-dis- 
position. It is presumed that animals in which this condition has been induced 
are susceptible to appropriate external factors ‘‘releasing’’ migration. A detailed 
analysis of factors involved in the causation of migration has been made else- 
where (Baggerman, 1960). 
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Maturing Sexually in an Aquarium’ 


By Rosert A. MAcLeop, R. E. E. JONAS AND E. ONOFREY 


Fisheries Research Board of Canada 
Technological Station, Vancouver 8, B.C. 


ABSTRACT 


Migrating coho salmon (Oncorhynchus kisutch) captured at a point near their entry into fresh 
water underwent sexual maturation when confined inan aquarium. Maturation was characterized 
by the development of secondary sex characters in the male and a considerable increase in the 
proportion of the body weight that could be accounted for as eggs in the female. Fish were 
sacrificed at intervals over the maturation period. Analyses of skeletal muscle, lateral line muscle, 
kidney, liver, heart, milt and roe for fat, protein and water, and skeletal muscle for sodium and 
potassium were made. Blood was analysed for total protein, non-protein nitrogen, amino acids, 
glucose, sodium and potassium. With some exceptions, the changes observed exhibited the same 
general trends as have been found in fish migrating under natural conditions. 
changes, however, was considerably less. 

Respiratory rates and glycolytic activities of the tissues analysed were also determined. No 
significant change in these measurements could be detected over the maturation period. 


The extent of the 


INTRODUCTION 


THE SPAWNING GROUNDS of the Pacific salmon are frequently located hundreds 
of miles up rivers from the sea. During the upriver migration, the fish eat no 
food and draw upon their body tissues to supply both energy and the substrates 
required for gonad development. Marked changes in body composition result. 
The extent of these changes has been established quantitatively for several species 
of salmon (Greene, 1926; Pentegov et al., 1928; Davidson and Shostrom, 1936; 
Idler and Clemens, 1959). 

It is of interest to know what enzymes are involved in the mobilization 
of the tissue resources and whether or not their activities change during maturation 
of the fish. Since the enzyme systems concerned could be expected to be somewhat 
unstable, it would be desirable to conduct such studies on tissues from freshly 
killed fish. Because of the remoteness from civilization of many of the migration 
routes and spawning areas and the lack of suitable mobile laboratory facilities, 
studies on tissues from fish in their natural habitat would be difficult at the 
present time. 

It was learned that a number of pink salmon (Oncorhynchus gorbuscha) 
captured shortly after arrival at a spawning ground had spawned after being 
transferred alive to a tank in the Vancouver Aquarium (Newman, personal 
"Received for publication October 21, 1959. 
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communication, 1956). It was of interest to know if migrating salmon would 
survive and spawn in an aquarium if captured at or near the point where they 
entered fresh water. If this were possible and the extent of the changes taking 
place in their body tissues was in any way comparable to that occurring naturally, 
a convenient source of material for enzyme studies of the processes associated 
with sexual maturation would be at hand. 

This paper reports the results of a study to determine if a group of migrating 
coho salmon captured near the point where they entered fresh water and en route 
to the spawning grounds would survive and spawn in an aquarium. Analyses 
of constituents of the blood and various tissues and measurements of the respiration 
rate and glycolytic activity of the tissues were made at intervals during the 
ripening period. 


SOURCE OF FISH 


The sockeye salmon runs of the Fraser River have been carefully studied 
both biologically (Killick, 1955) and chemically (Idler and Clemens, 1959). It 
was the intention in this investigation to study fish representative of one of 
these runs since a single race of fish would be involved, the location and time 
of arrival at their spawning grounds could be predicted with accuracy and careful 
studies of the chemical changes taking place in their tissues during migration had 
been made. Unfortunately, however, a group of sockeye salmon representative 
of one of the well-documented runs on the Fraser river when transported to the 
Vancouver Aquarium contracted a bacterial infection and died within 10 days of 
capture. 

Coho salmon (QO. kisutch) were reputed to be a hardier fish and a source of 
migrants of the species was readily available from the Capilano River near 
Vancouver. There were several disadvantages, however, to using coho instead 
of sockeye salmon. The particular run of fish from which samples were to be 
taken had not been studied carefully from the biological standpoint and in 
addition there was no information available on the chemical changes which take 
place in these fish during migration. Also, the fish composing the run, unlike 
sockeye, are not of uniform size, making sampling problems more difficult. 
Nevertheless, it was felt that information even of a more qualitative nature woul 
be helpful in determining ,the feasibility of using fish held in an aquarium to 
study biochemical changes in sexually maturing salmon. Accordingly, 25 adult 
migrating coho salmon were transported in live tanks by truck to the Vancouver 
Aquarium from a trap located below the Cleveland Dam on the Capilano River, 


a distance of only some 5 miles. Oxygen was bubbled into the water during 
transport. 


EXPERIMENTAL PROCEDURES 


Two tanks were used to hold the fish at the Aquarium, one of 700 and the 
other of 500 gallons capacity. A bed of 8 inches of gravel was placed in each 
tank and a constant flow of fresh water was introduced through holes bored in 
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polyethylene pipe laid under the gravel, an arrangement designed to simulate 
conditions on a natural spawning bed. 

When a fish was required for analysis it was removed from the tank and 
transported alive to the laboratory (3 miles) in a box containing water into 
which oxygen was bubbled. The fish was stunned by a blow on the head, weighed, 
its tail removed and the blood collected. After the fish was decapitated, the 
organs were removed, weighed and dropped into cold saline solution (Krebs 
Medium II with the organic components replaced by an equal volume of 0.9% 
NaCl (Krebs, 1950)). Parts of selected organs were sliced for respiration studies 
and homogenized for the determination of glycolytic activity. The remainder 
of each organ was then held at —20°C for subsequent proximate analysis. 

One portion of the blood was allowed to clot and serum was recovered by 
centrifuging; to the rest, heparin was added and plasma prepared. Serum and 
plasma were preserved at —20°C for later analysis. 

As it was uncertain how long it would take the fish to mature sexually and 
as there were only a limited number available, they were analysed one at a time 
at intervals of 3 or 4 days in the beginning and at longer intervals toward the 
end of the experiment. Although variation was expected from fish to fish, it 
was hoped that changes would be sufficiently great from the beginning to the end 
of the experiment to enable some degree of progression to be evident over the 
maturation period. Because of the limited number of fish on experiment, any 
which showed signs of developing superficial injuries or fungal infections were 
removed first from the tank for analysis. Thus, although males and females 
were present in almost equal numbers, these were not necessarily analysed on 
alternate occasions. 

Tissue protein was estimated by multiplying total nitrogen as determined 
by the microkjeldahl procedure (Steyermark, 1951) by 6.25. Fat was determined 
by the method of Dambergs (1956) and water by drying previously weighed 
samples of the tissues at 105°C. 

Blood plasma was prepared from heparinized blood. Total protein in the 
plasma was calculated from the total nitrogen content (microkjeldahl). Blood 
glucose values were obtained by application to the plasma of the glucostat 
(glucose oxidase) procedure (Worthington Biochem. Corp., 1957). Protein-free 
blood filtrates were prepared by the Folin-Wu method as modified by Jacobs 
(1953). Non-protein nitrogen was determined in the filtrates by the micro- 
kjeldahl procedure. Amino acids were estimated colorimetrically with 6-naptho- 
quinone-4-sulphonic acid (Hawk et al., 1949). 

Na+ and K+ were determined flame-photometrically in blood serum diluted 
appropriately and in flesh by procedures previously described (McBride and 
MacLeod, 1956). 

Respiratory quotients were determined with conventional Warburg apparatus, 
using slices prepared with a Stadie—Riggs tissue slicer in the case of liver, kidney, 
brain and heart, and with bundles of separated fibres (Richardson et al., 1930) 
when skeletal and lateral line muscle tissue was under investigation. Unless 
otherwise indicated, the suspending medium in all experiments was that described 
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by Krebs (1950) as Medium II. The centre wells of the Warburg flasks contained 
KOH, the atmosphere was oxygen and the incubation temperature 25°C. Qo 
values represented oxygen uptake during the first hour of incubation per milligram 
dry weight of tissue in the flask. The incubations were terminated by adjusting 
the flasks to 6% with respect to trichloracetic acid. The coagulated protein 
was separated on a sintered glass filter, dried and weighed. The dry weight of 
the coagulum was used to calculate the Qo, values of the tissue (Stadie et a/., 1945). 

Glycolytic studies were conducted using 10% homogenates of each of the 
tissues in 0.25M sucrose. Homogenates were prepared with a Potter—Elvehjem- 
type homogenizer employing a Teflon pestle (Tri-R Instrument Co., Long 
Island City, New York). The incubation medium, unless otherwise indicated, 
contained 5 X 10-?M KCI, 1 X 10-°M phosphate buffer (K+) pH 7.6, 2 k 10°. 
KHCO;, 1 X 10-*°M ATP (Nat), 4 X 10-°M nicotinamide, 3 X 10-*M DPN, 
4 xX 10°°M MgCh, 4 X 10-*M HDP (fructose 1, 6-diphosphate) (K+), 1 K 10°. 
glucose. The final volume was 3.0 ml, the atmosphere 95% Ne plus 5% CO, 
and the temperature 25°C. The incubation was allowed to proceed until CO, 
evolution measured manometrically in a Warburg respirometer was essentially 
complete. The reaction was stopped with trichloracetic acid and the flask 
contents were analysed for lactic acid formation by the Barker-Summerson 
(1941) procedure. The Qhactic acia Values calculated represent the amount of 
lactic acid produced per milligram of nitrogen in each homogenate per hour. 


RESULTS 
WEIGHTS OF FISH AND ORGANS AT TIME OF SACRIFICE 


A record of the weights of some representative fish and of their various 
organs, expressed as percentage of body weight, is presented in Table I. The 
last fish analysed was killed 113 days or almost 4 months from the beginning of 
the experiment. A male and female were left for a longer period of time in the 
hope that they would spawn but this did not occur though the fish were transferred 
to a tank of spawning pink salmon in the hope that the latter might stimulate 


TABLE I. Percentage of ‘body weight of the organs of some representative coho 
salmon sacrificed at various intervals over the maturation period. 





Fish No. 1 2 . ae 5 we  *% 18 21 





Sex* F F M F M F F M F 
Time of sacrihce t 1 day 6 9 13 15 44 57 70 93 
Total weight (g) 2370 3325 3570 2599 2654 2055 2795 2145 2480 
% Heart 0.143 0.163 0.213 0.223 0.193 0.177 0.250 0.269 0.218 
% Liver 1.53 1.41 1.32 1.58 1.32 1.39 1.85 0.793 0.522 
% Kiiney 0.818 0.690 0.715 0.713 0.810 0.658 0.905 0.930 0.470 
% Brain 0.025 0.023 0.019 0.030 0.032 0.031 0.028 0.031 0.033 
% Milt or roe 5.10 3.06 3.29 4.80 3.78 8.90 17.7 3.83 22.1 
Date killed, 1957 July 25 July 30 Aug.2 Aug.6 Aug.8 Sept.6 Sept. 19 Oct.2 Oct. 25 





*F = female; M = male. 
tin days from start of experiment (July 24, 1957). 
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the cohoes to spawn. Over the whole period of the experiment the fish were 
without food. In spite of this fact they remained lively and vigorous throughout 
the experiment. Changes in the colour of the body surface and in the length of 
the snout, characteristic of the type of secondary sex characters which develop 
in male salmon during sexual maturation (see Hoar, 1957, for references), 
were observed to occur in the male fish over the period of the experiment. 
Reference to Table | shows that the most significant change recorded in the 
weights of the organs over the period of the experiment was the greatly increased 
percentage of the body weight that could be accounted for as eggs in the female. 
This observation, and the changes noted in the appearance of the males, indicated 
that a considerable degree of maturation of the fish had occurred over the test 
period even though spawning did not finally occur. Although it appears from 
the results on the last two fish recorded in Table I that the liver had decreased 
in size at the end of the experiment, results for the other fish not recorded here 
were so variable that no significance can be attached to the values shown. 


TIssuE ANALYSES 


Since the fish were without food during the maturation period it was of interest 
to know which of several tissues were drawn upon to the greatest extent to supply 
the requirements for energy and gonad development. 

The results of analyses of kidney, liver, skeletal and lateral line muscle 
and milt or roe of each fish on experiment are presented in Table II. 

In the kidneys of both male and female fish the fat, protein and water 
remained almost constant over the period. Analyses of the kidneys of sockeye 
salmon migrating up the Fraser River have shown only small changes in the 
composition of this organ (Idler; personal communication, 1959). 

In the liver the fat level did not change in either male or female fish but 
the total protein showed a drop toward the end of the experiment. In the river 
sockeye salmon mentioned above, a drop in liver fat was observed but the loss of 
liver protein was actually less extensive than was recorded here for the Aquarium 
fish. 

Skeletal muscle showed no consistent drop in fat content, but definite evidence 
of protein depletion, with sexual maturation in the female. The drop in nitrogen 
in the muscle tissue of the female coincided well with the increase in the total 
amount of roe in the fish. For the male, neither fat nor protein showed what 
could be construed to be a significant change over the period. 

The lateral line muscle can be seen to be very rich in fat. This observation 
is in agreement with that of Greene (1926) on the same tissue in spring salmon 
(O. tshawytscha). The range in fat values was found to be so great throughout 
the present experiment, however, that no conclusions regarding fat in this tissue 
as an energy source could be drawn. The trend of protein concentration in the 
lateral line muscle was downward with maturation in the female but almost 
constant in the male. An inverse relationship between the concentration of fat 
and water is apparent. 
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In sockeye salmon migrating up river both fat and protein concentrations 
in the flesh (skeletal plus lateral line muscle) of males as well as of females 
markedly decreased (Idler and Bitners, 1959). 

Nat and K+ analyses were also carried out on skeletal muscle tissue since 
extensive changes have been found to take place in levels of these ions in sockeye 
and spring salmon flesh during migration (MacLeod et a/., 1958). The Nat levels 
shown here are considerably lower and K+ somewhat higher than were observed 
in mature spring and sockeye salmon in fresh water. The values are quite 
similar to the concentrations of the ions in the flesh of juvenile coho salmon 
migrating to sea. No evidence of a sharp rise in Na* and fall in K+ was observed 
toward the end of the maturation period, as had been found to take place in 
migrating sockeye and spring salmon. 

The fat level in the roe showed some signs of decreasing slightly toward the 
end of the experiment, an observation similar to one made by Greene (1926) on 
the maturing roe of migrating spring salmon. The level of fat in the milt, on 
the other hand, showed an increase with maturation. The percentage of nitrogen 
in the roe changed little, if any, during the period, while in the milt its proportion 
increased with maturation. No effort was made to express nitrogen as protein 
in these tissues since much of it would occur as purines and pyrimidines. 


BLoop ANALYSES 


Since the fish were not feeding, but drawing upon their body storage products 
and tissues for energy and gonad development, it was felt that changes in the 
tissue components being utilized at different stages during maturation might 
be reflected in the levels of various components in the blood. 

The results of the blood analyses are presented in Table III, together with 
values for the same constituents in the blood of trout (Salvelinus fontinalis) 
and carp (Cyprinus carpio) (Field et al., 1943). Data on the blood levels of these 
components in migrating sockeye are presented elsewhere (Jonas and MacLeod, 
1960). 

The non-protein nitrogen (NPN) values except for four unusually high ones 
(in Fish No. 1, 2, 13 and 14) remained well within the range observed in the 
other species recorded and there appeared to be no tendency for the values 
to change with maturation. No explanation can be offered for the four high 
values since none of the other components of these particular blood samples 
appeared to be normal in any other way. 

The amino acid results show that blood levels of this group of compounds 
remained relatively constant during maturation, in agreement with results 
obtained with migrating sockeye salmon. 

Although blood glucose concentrations were extremely variable from fish 
to fish, it is evident that fish at the end of the experiment had levels as high as 
the average of those at the beginning. The variability recorded is as great as 
that observed in carp blood. 

Total protein remained almost constant except for the last fish, in which 
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blood protein dropped to about one-quarter of the value of that in the other fish 
on experiment. It may be of significance that this happened in the case of the 
single fish in the experiment which, from the state of the eggs in the body cavity, 
appeared to be completely matured at the time of sacrifice. 

Serum Na* remained very constant throughout the experiment while K+ 
was so variable that no conclusions regarding the possibility of progressive 
changes in its concentration with maturation could be drawn. 


RESPIRATION RATES OF TISSUES IN THE SEXUALLY MATURING FISH 


It was of interest to know if any changes could be detected in the respiration 
rates of the various tissues over the maturation period. It was soon observed, 
however, that the standard medium used for conducting the respiration studies 
(Krebs, 1950) required considerable modification to enable any appreciable 
oxygen uptake to be recorded, at least with certain of the tissues. Furthermore, 
the Qo, values of the tissues increased as the level of tissue added to the medium 
increased. It was thus apparent that a considerable amount of adjustment 
would be required to establish conditions optimum for the measurement of the 


TABLE III. Levels of various components of coho salmon plasma or serum determined at various 
intervals over the maturation period. 














Plasma Serum 
Fish Dayson Amino Total 
No. expt. Sex NPN acid N Glucose _ protein Nat K+ 

mg % mg % mg % % mg/100 ml 
1 0 F 70.5 17.1 208.9 5.43 313 3.98 
3 8 M 97.5 22.6 96 5.47 354 4.92 
4 12 F 39.6 18.4 193 5.10 352 5.10 
5 14 M 36.1 19.9 103 5.36 363 5.93 
6 19 F 41.2 19.6 22 6.00 368 7.76 
7 21 M 40.0 17.4 82 4.86 366 8.78 
8 26 M 34.2 16.1 167 5.30 373 2.97 
9 28 M 39.8 16.2 73 6.00 377 16.10 
10 33 M 39.0 18.5 53 4.20 360 7.77 
11 35 M 44.9 18.8 90 6.06 319 35.00 
12 40 M 37.5 15.8 76 5.58 387 5.39 
13 42 F 62.2 22.2 75 6.44 352 9.50 
14 46 M 918 24.7 100 5.05 163 10.42 
16 55 F 34.2 16.4 123 5.51 337 4.36 
17 60 F 35.3 cy 91 4.55 370 15.10 
18 68 M 35.4 16.2 140 4.50 359 10.30 

19 70 M - 16.2 128 - ~ - 
20 74 F 38.4 18.1 105 5.05 351 18.30 
21 91 F 24.2 8.9 99 1.16 367 6.16 
In normal human blood? 25-35 5-8 70-100 5-8 300-330 16-22 

rat blood® 34.5-40.2 12.6-16.2 ~ ~ - - 

carp blood* 26.5-36.6 15.2-20.61 57.3-230 3.25-4.75 292-316 17.5-26.9 
trout blood? 25.4-35.4 17.95-20.95 51.4-111 2.94-4.12 348-373 16.9-25.8 


*Hawk et al., 1949. 
*Field et al., 1943. 
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Qo, values of the tissues of fish such as these. Since time did not permit an 
investigation of these factors, a set of conditions was chosen arbitrarily to permit 
a comparison of the Qo, values of the tissues over the maturation period. No 
significant changes were observed to occur. 


GLYCOLYTIC RATES OF TISSUES IN THE SEXUALLY MATURING FISH 


Increases in the blood level of lactic acid in fishes following muscular activity 
have been widely observed (see Black, 1957, for references). As these increases 
are coupled with a concomitant fall of muscle and liver glycogen (Miller et ai., 
1959) the changes occurring are presumably the result of glycolysis. Little 
is known about the glycolytic activity of the various tissues of fish. Since during 
migration salmon are known to draw mainly upon fat and protein reserves for 
energy (Idler and Bitners, 1959) and little carbohydrate is present, it was of 
interest to know if sexual maturation was accompanied by changes in the glyco- 
lytic activity of the tissues. 

Except for a study of glycolytic enzymes in electric tissue of the eel (Eisenberg, 
1958), no information is available about the mechanism of glycolysis in fish 
tissues or about conditions optimum for studying the overall process in fish 
tissues. For this study, conditions established as being optimum for measuring 
glycolysis in animal tissues were used. The medium actually selected was a 
slight modification of one used by South and Cook (1953). 

The only tissue homogenate found to be capable of converting any significant 
amount of glucose to lactic acid was heart muscle. This result is shown in 
Table IV where extensive lactic acid production from glucose using homogenates 


TABLE IV. Capacity of tissue homogenates from 
coho salmon to form lactic acid from glucose and 








HDP. 
Tissue 7 Glucose* HDP* 
Q lactic eciat 
Skeletal muscle —0.13 +2.20 
Lateral line muscle -0.81 +6.54 
Liver +0.07 +4.20 
Kidney +0.56 +5.64 
Heart +14.67 +9.84 
Brain +0.99 +3.27 





*The responses to glucose were obtained 
with tissues from Fish No. 2, to HDP with tissues 
from Fish No. 17. 


TQ tactic aeia = # Moles lactic acid formed per 
milligram nitrogen per hour. 

Values corrected for lactic acid production 
in the absence of added substrate and represent 
micromoles lactic acid formed per mg nitrogen 
in homogenate per hour. Conditions as described 
in Experimental section. Substrate introduced 
from sidearm at zero time. 
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of tissues from Fish No. 2 is observed. As is usual in such experiments a small 
amount of fructose 1,6-diphosphate (HDP) was included in all Warburg flasks 
to spark the breakdown of glucose. It was subsequently found that although 
only one tissue homogenate could attack glucose, all of them showed some 
capacity to form lactic acid from HDP. This is also shown in the same Table 
with homogenates of tissues from Fish No. 17. 

In lieu of glucose breakdown, the capacity of homogenates to form lactic 
acid from HDP at various stages during the maturation period was measured. 
The ability of heart muscle preparations to attack glucose was also determined. 
The results, Table V, show the rate of lactic acid production to be quite variable 


from fish to fish with no evidence of a consistent change in activity during 
maturation. 


TABLE V. Capacity of homogenates of various tissues of sexually maturing fish to form lactic 
acid from HDP or glucose at different stages of maturation of the fish. 


Fish Dayson Skeletal Lateral line 





No. expt. muscle muscle Liver Kidney Heart I Heart II 
Qrectic seid 
3 8 3.01 7.37 3.64 5.75 9.04 13.51 
4 12 5.55 6.30 3.23 ~ 7.31 12.05 
5 14 1.53 6.69 - 3.65 5.10 15.92 
6 19 4.58 10.46 1.16 1.36 5.45 10.27 
8 26 2.42 4.98 1.63 1.82 2.25 9.28 
11 35 1.50 1.65 0.77 1.59 3.15 2.87 
15 53 0.80 2.70 1.51 6.59 - - 
17 60 2.20 6.54 4.20 5.64 9.84 14.73 
18 68 2.65 4.22 0.56 6.55 8.74 9.97 








Averages 2.694+1.12 5.65+2.02 2.094+1.20 4.12+2.01 6.3642.37 11.08 +2.98 


*Q isctic acid = # Moles lactic acid formed per milligram nitrogen per hour. 


In all cases except Heart II, HDP was present as sole substrate. In the case of Heart II, 
glucose was the substrate and the values recorded represent lactic acid formed from the sub- 
strate corrected for that arising from the HDP added as a ‘“‘sparker”’. 


DISCUSSION 


The coho salmon in this experiment survived 4 months without food before 
the experiment was terminated. In the case of migrating sockeye salmon on 
the Fraser River, 4 to 6 weeks elapse from the time the fish enter the river until 
they die on the spawning ground. Although the difference in survival time may 
reflect the difference in energy requirements of active and inactive fish, some 
species variations could also be involved. 

The innate metabolic rate and the proportion of body weight which can be 
sacrificed before death supervenes appear to be important factors in determining 
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the duration of survival in complete fasting (Dixon and Stevenson, 1957). Those 
authors report that adult rats live 6 to 16 days at 22°C, while toads survived 25 
to 40 weeks without food (Penhos and Cardeza, 1950). In the case of maturing 
fish, the tissues must supply not only the energy needed for survival and migration 
but also the requirements for a considerable amount of gonad development. 
It has been pointed out by Miescher-Riisch (1880) that salmon may leave the 
ocean with a sufficient store of food to last them for 12 months and at the same 
time provide the stores which go into the eggs for the next generation. 

The results of the tissue analyses show that with some notable exceptions 
the changes in body composition of the fish in confinement exhibited the same 
general trends as occurred in fish in their natural environment, except that 
the changes were not nearly so extensive. One of the exceptions to the trend was 
the fact that the fat levels of the tissues remained quite constant over the period 
of the experiment. This does not necessarily mean that the fish were not using 
fat as a source of energy, since there are fat depots in these fish which together 
probably contain more fat than the tissues analysed and which may well have been 
drawn upon first. It is evident, however, that considerable energy reserves were 
still available to these fish at the end of this experiment. 

Another exception was the lack of change of Na* and K* in the flesh during 
maturation. In both spring and sockeye salmon, flesh levels of Nat increased and 
K+ decreased as the spawning grounds were approached (MacLeod et al., 1958). 
Whether the differences observed in the coho salmon are the result of species 
variation or represent a difference in response of fish in confinement, unfortunately 
cannot be determined from the available data. 

In the blood analyses no changes were recorded with maturation which could 
be considered significant. 

The inability of the homogenates of all of the tissues tested (except heart 
muscle) to convert glucose to lactic acid is not surprising since LePage (1950) 
found that liver, kidney and diaphragm muscle homogenates of the rat were 
similarly unable to attack glucose, although brain homogenates of the animal 
did have this capacity. Meyerhof (1927) found that muscle extracts could not 
ferment glucose unless a yeast protein fraction, acting as a source of hexokinase, 
was added. The results obtained in this investigation on the glycolytic rates of 
the tissues, though disappointing from the standpoint of their considerable 
variability, do reveal no general breakdown in the capacity of the tissues to 
convert fructose 1,6-diphosphate, and in the case of heart, glucose to lactic acid, 
during maturation of the fish. 

The findings in this study reveal that sexual maturation of coho salmon 
can take place in an aquarium. Due most probably to the confinement and 
consequent inactivity of the fish, the changes in body composition that occurred 
were much less extensive than are normally observed in salmon under conditions 
of migration. To obtain data on these changes of more quantitative significance, 
much larger numbers of fish than could be handled with the facilities available 
in this experiment would have to be used. 
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Observed in the Coastal and Oceanic Waters of 
the Northeastern Pacific! 
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ABSTRACT 


The analytical data required for the determination of various forms of phosphorus in sea 
water are discussed. The precision obtained by a modified Hansen—Robinson perchloric oxidation 
method has been evaluated and results are given for particulate phosphorus and for soluble in- 
organic and organic phosphorus. 

At Departure Bay, near Nanaimo, B.C., over 75% of the soluble phosphorus in the surface 
water may be organically combined, the fraction increasing as the standing crop of phytoplankton 
increases. A similar high percentage is found in other coastal areas in summer and in the open 
ocean. The total phosphorus content of deep oceanic water is over 4 ug-at P/l and as much as 
1 wg-at P/l or more may remain unmineralized, even at a depth of 1000 to 2000 m. 


INTRODUCTION 


ALTHOUGH A FEW STUDIES have been made of phosphorus forms in north Pacific 
Ocean waters the subject is rélatively untouched when compared with investi- 
gations in areas such as the English Channel, the Atlantic or the coast of the 
Gulf of Mexico. In particular the northeast Pacific, near the Canadian coast, 
has received little attention. 

Canadian coastal waters contain some of the highest surface phosphate 
concentrations found anywhere in the world (e.g. Tully and Dodimead, 1957). 
Heavy standing crops of phytoplankton ensure that much of the element is 
organically combined during the summer months. The area is ideal, therefore, 
when investigating the various forms of combined phosphorus in sea water, 
as quantities are sufficiently great for the various forms to be estimated with 
some precision. Even so, the analytical difficulties are formidable if a really 
worthwhile precision is to be obtained. Quantities rarely exceed 5 yg of 
phosphorus per determination and may well be a fifth or less of this amount. 
To achieve adequate precision under these conditions of low concentration great 
care is required and the analysis does not lend itself to routine application. We 
have therefore attempted only a limited program, as a preliminary to a fuller 
study of dissolved organic matter in all its forms, but we have striven for the 
maximum possible precision in the relatively few results obtained. 
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The perchloric oxidation method for organic phosphorus suggested by 
Hansen and Robinson (1953) has been modified in certain details so as to give 
more convenient standardization and “‘blank’’ control. The statistical precision 
of the method has been evaluated under realistic working conditions so that the 
significance of any result can be fully appreciated. An oxidation procedure 
was chosen in preference to a hydrolysis (e.g. Harvey, 1948) because it appears 
to achieve the complete mineralization of phosphorus from trace amounts of 
organic and inorganic matter, whatever the form of combination may be. Very 
full working details of the methods used will be published shortly in a Bulletin 
of the Fisheries Research Board of Canada. 

There are several distinct forms of combined phosphorus which can be 
estimated by simple modifications of one basic procedure. A brief account 
of these and other forms may be of interest. To the best of the authors’ 
knowledge this has not been presented before in such detail in the literature. 


THE VARIOUS FORMS OF COMBINED PHOSPHORUS 


The following forms of phosphorus are thought likely to exist in a sample 
of sea water. Their differentiation, at present, can only be based on their particle 
size and their reactivity with acid molybdate. It is assumed that fuming per- 
chloric acid will mineralize phosphorus from whatever form in which it may 
occur in sea water. 

‘‘Insoluble’’ material is defined as that retained by a 0.5-micron membrane 
sieve and it is unlikely that any substantial fraction of particulate organic or 


inorganic phosphate will escape this classification. 


Symbol Description 


IM _ Inorganic phosphorus held in true solution which reacts in 3 minutes with acidified 
molybdate. Condensed polyphosphates, if present, may not react but no evidence for 
the occurrence of such material in sea water has yet been obtained. 


OM Phosphorus held in organic combination, in true solution, which hydrolyzes and reacts in 
3 minutes with acidified molybdate. Such material may well exist in sea water, although 
this has not been proven. Phosphorus methods using reductants that necessitate heating 
or prolonged reaction periods to complete the reduction (e.g. metol or ascorbic acid) can 
bring about considerable hydrolysis of soluble organic phosphorus compounds. Stannous 
chloride, which reacts in a few minutes in the cold, is superior in this respect to any other 
reagent so far described.’ 


(IM+OM) or ‘‘Soluble Reactive’. No known method will differentiate 
between the above two forms of soluble phosphorus and only their sum can be 
estimated. Enzymatic attack may eventually lead to some separation. 


IP Particulate phosphorus, inorganically combined, that is non-reactive to acidified molyb- 
date for a period of 3 minutes. 


OP Particulate phosphorus, organically combined, either in living material or detritus, that 
is non-reactive to acidified molybdate for a period of 3 minutes. 


(IP+OP) or ‘Particulate’. No known method will differentiate between 
the above two forms of particulate phosphorus and only their sum can be estimated. 
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3. AD. Inorganic or organic phosphorus that is adsorbed onto particles, 
or is otherwise out of solution in sea water, but which becomes soluble and 
reacts with acid molybdate in 3 minutes. Such material, which may include 
ferric phosphate, etc., has been detected by us in some inshore waters. 


4. SO or “Soluble Unreactive’’. Phosphorus held in organic combination 
in true solution but which is non-reactive to acidified molybdate for a period of 
3 minutes. Any condensed inorganic phosphate may be included in this 
classification. 


The determinations necessary to evaluate the above-enumerated four forms 
of combined phosphate are as follows: 


Determination 1. ‘The total phosphorus in an unfiltered sample. 


Determination 2. The total phosphorus in the filtrate passing a 0.5- 
micron filter (which should first be washed with water to remove any soluble 
phosphorus). This filtration should be carried out within an hour or so of with- 
drawing samples from the sea, the samples meantime being kept in a cool dark 
place. 


Determination 3. ‘The inorganic phosphate in an unfiltered sample deter- 
mined by a stannous chloride method. The analysis must be performed im- 
mediately samples are withdrawn from the sea or they should be quick frozen to 
at least -20° C in polyethylene containers and held at this temperature in the 
dark until ready for analysis (Collier and Marvin, 1953). 


Determination 4. | The inorganic phosphorus in the filtrate passing through 
a 0.5-micron filter. The inorganic analysis should not be delayed for more 
than a few hours. 


The following combinations of data from these four analytical methods give 
the results indicated: 


Soluble reactive phosphorus (I[M+OM) = Determination 4 
Particulate phosphorus (IP+OP) = Detn. 4 + Detn. 1 - Detn. 2-— Detn. 3 
Adsorbed phosphorus (AD) = Detn. 3 —- Detn. 4 
Soluble unreactive phosphorus (SO) = Detn. 2 - Detn. 4 


This gives an ideal breakdown of the phosphorus balance but is rarely worth- 
while except for special research purposes. Generally some compromise is 
necessary so as to reduce the number of analyses. In view of the tedious nature 
of the determination of particulate phosphorus as defined above (requiring four 
separate analyses, each preferably in duplicate) we have generally determined 
the particulate matter directly on a filter by a destructive oxidation. This gives 
a value for (IP+-OP+AD) but as the adsorbed phosphate did not exceed 10% 
of the total particulate matter in the marine samples we have examined so far, 
the determination may probably be designated as ‘‘particulate’’ with little error. 
The same value is obtained as a difference between the total phosphorus content 
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of a filtered and unfiltered sample (Detn. 1—- Detn. 2). This method has been 
used for some of the values quoted in the present investigation for Departure 
Bay, near Nanaimo, B.C., but is subject to considerable error as we are measuring 
a small difference between two relatively large numbers. 

The results referred to as ‘‘organic’’ phosphorus in this investigation are 
generally the difference between Detn. 2 and 3 rather than between 2 and 4 and 
are thus strictly equal to (SO+AD) rather than to SO alone. Again errors 
due to adsorbed phosphorus will probably be trivial in most samples. 

The “‘inorganic’”’ phosphorus results are obtained by Detn. 3 and are equal 
to the true soluble reactive phosphorus plus any adsorbed phosphorus, i.e. 
(IM+OM-+AD). Except near the surface these results may be assumed to be 
equal to IM. 


RESULTS AND DISCUSSION 
PARTICULATE PHOSPHORUS RESULTS 


All Millipore filters were examined and any visible zooplankton was removed. 
The results quoted here are therefore assumed to be an approximation to the 
phosphorus present in phytoplankton and microscopic detritus, although the 
presence of a little animal matter is likely and the fraction could be substantial 
in some samples. 

Particulate phosphorus data from oceanic stations will not be reported in 
order to prevent too great a complexity of presentation, but they can be sum- 
marized quite simply. In summer there was a variable quantity of particulate 
phosphorus, between about 0.1 and 0.5 ywg-at P/l in the top 50-100 m, very 
approximately equivalent to between 100 and 500 mg C/m*. Below a few hundred 
metres the amount decreased to 0.05 yg-at P/l or less and was often less than 
0.02 ug-at P/l in very deep water. Particulate phosphorus data for some coastal 
stations are included in Table 1. These mid-summer results show values roughly 
in the range 0.3 to 0.8 wg-at P/l in a particulate form, mainly in the euphotic zone 
or just beneath it. In the surface waters the amount may comprise a quarter 
or more of the total phosphorus present and must be taken into account in any 
detailed phosphorus budget attempted at such locations. 

An annual cycle of particulate phosphorus in a British Columbia coastal 
bay (Departure Bay) has been followed at one depth, 5 m. This was about the 
depth of maximum photosynthesis for much of the summer and samples were 
considered to be less contaminated by either zooplankton or detritus than would 
be likely in deeper water. Results are shown by Fig. 1A. Although complicated 
by hydrological factors the curve may be a rough measure of the phytoplankton 
crop in the bay and vicinity. At maximum crop the particulate figure approaches 
1 wg-at P/l, which is well over a third of the phosphorus present in the sea at that 
depth. In mid-winter the amount of particulate phosphorus at 5 m is statistically 
indistinguishable from zero. These results are basically in accord with those 
reported in other shallow coastal regions, such as in the Gulf of Maine and the 
English Channel, (e.g. Redfield et al., 1937; Armstrong and Harvey, 1950) 
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Fic. 1. A. Annual variation of particulate phosphorus in Departure Bay 
at 5m. 


B. Annual variation of total soluble phosphorus in Departure Bay at 5m. 


C. Proportions of soluble inorganic acid to soluble organic phosphorus. 


but much larger concentrations of phosphorus are involved and high productivity 
make the picture clearer and relatively unaffected by small analytical errors. 


DISTRIBUTION OF SOLUBLE INORGANIC AND SOLUBLE ORGANIC PHOSPHORUS 


An annual cycle of total soluble phosphorus at 5 m in Departure Bay is 
shown in Fig. 1B. The quantity is reasonably constant in summer. In winter 
it is even more uniform and nearly twice as great. Amounts in excess of 2.75 
ug-at P/l were recorded in April 1958, whereas the equivalent values in an area 
such as the English Channel would rarely exceed 0.5 wg-at P/l. In Fig. 1C we 
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have shown the way in which this total soluble phosphorus is distributed amongst 
inorganic and organic forms. During the winter months the soluble phosphorus 
is almost completely mineralized but in summer the organic fraction can exceed 
the inorganic fraction and comprise over 75% of the total. The time of 
sampling is obviously critical but a comparison of Fig. 1A and 1C will show that 
there is a crude correlation between the standing crop (as indicated by particulate 
phosphorus) and the fraction of the soluble phosphorus which is organic in nature. 
This points to an excretion or breakdown of plant material (cf. Pratt, 1950). 

The distribution of inorganic and organic phosphorus in June-July 1958 
is shown in Table I for a few other stations near the British Columbia coast. 
Oceanic results are collected in Table II. A 95% confidence limit is quoted for 
most of these results. The magnitude of this limit depends upon the method 
used, the amount of phosphorus and the number of replicate determinations on 
each sample. The limits, which were obtained by statistical trials, indicate the 
significance of any particular result but cannot allow for the occasional gross error 
that is bound to occur in this type of work, and which is very difficult to detect. 

Surface and euphotic zone values for the ocean stations and for coastal points 
are similar to those found at Departure Bay, the organic fraction being quite 
high. At 300 m it may be decreasing and in coastal areas (Departure Bay) 
mineralization appears to be complete in winter. This is in accord with the 
breakdown to be expected in well-oxygenated water containing a moderately 
high content of particulate matter to favour bacterial activity. 

In the open ocean there is no evidence that complete mineralization in- 
variably occurs in deep water. The process would perhaps be expected to be some- 
what slower in the ocean than in shallow coastal waters, due to lack of particulate 
matter, but the presence of one or more microgram-atoms of organically combined 
phosphorus per litre at a depth of 1000 m or more requires explanation. 

There can be no reasonable doubt as to the true presence of this material. 
Other published and unpublished results from American and Japanese sources 
(e.g. Kawamoto, 1955; Scripps Institution of Oceanography, 1958; a report of the 
Japanese Norpac expedition of 1955) confirm the existence of organic phosphorus 
concentrations of these magnitudes elsewhere in the north Pacific. A few data, 
taken from a 1957 summer north Pacific expedition made by the Pacific Oceano- 
graphic Group, are included in Table II. These data were obtained before the 
present analytical and storage techniques were fully established and results may 
well be high. Incidental contamination is certainly no greater than 0.5 to 1 
ug-at P/l, however, so these results still confirm the presence of phosphorus 
in amounts similar to those found by the present method. 

The picture is quite different from that found in the Atlantic Ocean, where 
mineralization is practically complete at 500 to 1000 m (Ketchum et al., 1955). 
As the biological processes of phosphorus transfer by migrating zooplankton and 
phosphate liberation by bacteria can scarcely be radically different in the two 
oceans some more physical explanation is likely. The water below a few hundred 
metres in the Pacific Ocean has a nature different to that of the surface waters. 
It may possibly be of much greater age than the corresponding Atlantic water 





may 
to 1 
orus 


here 
955). 

and 

two 
idred 
iters. 
vater 


STRICKLAND AND AUSTIN: FORMS OF PHOSPHORUS IN NE. PACIFIC WATERS 345 


and have a slower circulation. There is no Arctic deep water component and the 
ultimate origin of deep northeastern Pacific water, although still not fully 
established, is presumably Antarctic (Cochran, 1958). Thus this water has been 
the recipient of organic detritus from surface biological activity for a prolonged 
period. The oxygen minimum in the northeast Pacific is often less than 50 
yg-at O»/l and occurs along with organic matter which, considering the organic 
phosphorus level, could conceivably be present in excess of the oxidation capacity 
of the water. Mineralization processes w~::'!d be expected to be greatly retarded. 

It should be noted that there appears to be an irregularity in the depth 
profiles of organic phosphorus results in contrast with the inorganic phosphorus 
results. This irregularity is found in other Pacific Ocean data seen by the 
present authors. Based on our own experience of many replicate analyses, we 
consider that some of the heterogeneity in the results reported in this paper 
is outside the possibility of gross error, but the explanation for it is not clear. 
It would appear best to re-examine the problem by making simultaneous analyses 
for soluble organic phosphorus, nitrogen and carbon on the same water samples. 

Recent investigations from Ocean Weathership ‘‘P”’ (to be published) have 
indicated the presence of substantial amounts of carbonaceous detritus in water 
of all depths to 1000 m. There is also evidence of a marked ‘‘micro’’ structure 
of soluble silicate and nitrate. It is possible therefore, that we could be measuring 
what is, comparatively speaking, a ‘‘micro’’ structure of organic phosphorus 
distribution; a residuum which is highly resistant to processes of mineralization. 
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Biochemical Studies on Sockeye Salmon 
During Spawning Migration 
XI. The Free Histidine Content of the Tissues’ 
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ABSTRACT 


During the first 250 miles (400 km) of spawning migration of Fraser River sockeye 
salmon (Oncorhynchus nerka) the free histidine content of the muscle, alimentary tract, and 
head +skin+bones+tail decreased to a small fraction of the initial value. A further decrease 
occurred in the levels of this amino acid in the alimentary tract during the subsequent 415-mile 
(657-km) migration to the spawning grounds, no change being observed with the other tissues. 
Comparatively small changes in free histidine were found with heart, spleen, liver, kidney and 
gonads during migration. 


INTRODUCTION 


A PURE RACE OF SOCKEYE SALMON (Oncorhynchus nerka) was sampled at different 
stages during spawning migration up the Fraser River (Idler and Tsuyuki, 1958). 
Several reports on the biochemical changes occurring in these fish have been 
published (Idler and Tsuyuki, 1958; Idler and Bitners, 1958; Duncan and Tarr, 
1958; Wood, 1958; Idler and Bitners, 1959; Creelman and Tomlinson, 1959; 
Idler et al., 1959; Idler and Tsuyuki, 1959). During the journey upstream the 
muscle non-protein nitrogenous constituents were found to remain reasonably 
constant with the exception of the histidine content which decreased markedly 
during the early stages of the migration and remained at the low level thereafter 
(Wood, 1958). Because of this distinctive behaviour of free histidine, it was 
thought desirable to study the changes, if any, in the histidine content of the 
tissues other than muscle during spawning migration. This paper gives the 
results of such an investigation; the word “‘histidine’’ is used throughout in the 
sense of ‘‘free histidine’. 


MATERIALS AND METHODS 
TISSUE SAMPLES 


Idler and Tsuyuki (1958) gave a detailed account of the methods used for 
capturing the fish and removing and storing the tissues. The fish were taken 
at three points during the migration: at Lummi Island some 40 miles (64 km) 
southeast of the mouth of the Fraser River, at Lillooet 250 miles (400 km) up- 
stream, and at the Forfar Creek spawning grounds 715 miles (1150 km) upstream. 


1Received for publication December 1, 1959. 
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PREPARATION OF EXTRACTS 


Extracts were prepared from the tissues, with the exception of the muscle, as 
follows. A weighed amount of tissue (about 2 g) was homogenized in 10 ml 
water for 2 to 3 minutes and the resulting homogenate centrifuged at 3,000 ¢g 
for 10 minutes. The supernatant fluid was collected and the residue resuspended 
in 40 ml 95% ethanol. The suspension was centrifuged as before and the 
supernatant fluid added with constant stirring to the first supernatant fraction. 
The mixture was kept at room temperature for 30 minutes and centrifuged 
at 3,000 g for 10 minutes. Filtration removed any floating particles from the 
supernatant fluid. The filter paper was washed with a few millilitres of 80°; 
ethanol and the washings were added to the filtrate. An aqueous solution 
of the extracted histidine was prepared from the ethanolic solution by the method 
of Awapara (1948). The alcoholic extract was shaken with 150 ml of chloroform 
and, when the mixture had separated into two distinct phases, the top layer was 
transferred carefully to a 25-ml volumetric flask. Five ml of water was added 
to the lower layer and the mixture again shaken. When the two layers had 
separated the top layer was removed and added to the previous one. The addition 
of water to the combined aliquots gave a total volume of 25 ml. 

The muscle was extracted as described previously (Wood, 1958). This 
involved making five successive alcoholic extractions and was more time con- 
suming than the method detailed above which used only one water and one 
alcoholic extraction. The recovery of histidine was found to be similar using the 
two methods. 


DETERMINATION OF HISTIDINE IN THE EXTRACTS 


The method employed for the analysis was that described by Albanese 
et al. (1945) except that the 20% NaeCO; solution was replaced by a solution 
containing 7.15% NaBO, + 5.7% NasCO;. The colour was measured within 
1 minute of the dilution of the mixture. 


RESULTS 
CHANGES IN THE PERCENTAGE OF FREE HISTIDINE CONTENT OF THE TISSUES 


The results of the histidine analyses are given in Table I. At the beginning 
of the migration there was a large variation in the histidine concentrations in 
different tissues. The alimentary tract and heart contained the highest con- 
centration, followed by the muscle, kidney, spleen, head + skin + bones + tail, 
liver and gonads, in that order. Unfortunately the blood samples from Lummi 
Island were not available but the histidine content of the blood from fish at the 
other locations on the river was low. The amount of histidine found in the 
different tissues was similar for both male and female salmon throughout the 
migratory journey. The levels in muscle and alimentary tract decreased to 
approximately one-fifth of the original value between Lummi Island and Lillooet. 
The head + skin + bones + tail behaved similarly except that the concentration 
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TaBLe I. Non-protein histidine concentration in various tissues from 
sockeye salmon at different locations on the migratory route. 


Tissue Sex Lummi Island Lillooet Forfar Creek 


milligrams histidine per 100 g tissue 


Heart M 81.0 + 11.5 87.3 + 9.6 81.8 + 38.8 
F 83.2 + 15.2 91.0+ 8.9 79.9 + 5.9 

Alimentary tract M = 138.4 + 13.3 48.1 + 12.2* 30.3 + 10.7 
F 174.6 + 39.2 40.0 + 7.0% 203+ 3.3* 

Spleen M 24.44 3.7 244+ 6.7 aR t.. 5a 
F 30.0 + 5.9 27.0 + 4.8 20.0 + 5.9 

Liver M 21:1 4.32 20.7 + 18 16.3.+ 30 
F tae. Sl 12.2 + 0.4* 166+ 0.7* 

Kidney M 37.0 + 1.5 474+ 5.5 46.6 + 3.0 
F 51.4+ 6.7 410+ 3.3 50.7 + 10.4 

Blood M 12.6 + 1.5 129+ $3 
F 15.5 + 5.2 92+ 07 

Gonads M 19.6 + 2.6 15.2 + 2.2 6.7 + 3.3° 
F 6.7 + 2.6 S22 1:1 5.3-& Of 

Muscle M 40.0 + 4.8 7.8 + 0.7* 48+ 04 
F 999 + 3.0 10.0 + 1.5* 115+ 0.4 

Head + skin + M 226+ 1.1 129° 11° 9.2 + 0.7 
bones + tail F 2a9: + - 30 10.7 + + 0.7 


30° 9.2 





*Difference from value at previous location is significant at P = 0.01. 


decreased to half the original value. The downward trend in the histidine 
concentration of these tissues ceased after Lillooet with the exception of the 
level in the alimentary tract of female salmon which continued to decrease during 
the latter stages of the spawning migration. Changes in the histidine concen- 
tration in heart, spleen, liver, kidney and gonads were much less marked. Only 
the livers of the females showed a significant decrease between Lummi Island and 
Lillooet. This was followed by an increase between Lillooet and the spawning 
grounds. The gonads from the female fish exhibited a low histidine level through- 
out the migratory journey, whereas the level of the amino acid in the male gonads 
was relatively high initially, although it decreased considerably between Lillooet 
and Forfar Creek. 

It was shown by Idler and Tsuyuki (1958) that the large number of fish 
taken and the uniformity of the population permitted calculation of data to the 
basis of a ‘‘standard fish’’ for both sexes. The analyses reported in Table | 
gave the percentage composition of the tissues, but by the employment of this 
concept of the standard fish the absolute weight changes in the histidine content 
of the tissues were obtained. These values were calculated by multiplying the 
average weight of the tissue (Idler and Tsuyuki, 1958) by the amount of histidine 
in 1 g of the tissue. The results of these calculations are given in Table II. 
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The values in Table II indicate that at the beginning of the spawning 
migration the major portion of the histidine in the fish was found in the muscle, 
the alimentary tract and the head + skin + bones + tail. These tissues, containing 
most of the histidine in the fish, are also the tissues in which large decreases were 
observed to occur between Lummi Island and Lillooet. The total histidine content 
in the fish therefore paralleled the changes in these tissues; i.e., it decreased 
sharply between Lummi Island and Lillooet and remained at a low level there- 
after. The histidine content of the other tissues was relatively small in spite 
of the high concentration of the compound in some of them such as the heart. 
This, of course, was due to the small size of this organ compared with others such 
as the muscle. It is interesting to compare the histidine content of the gonads 
in the two sexes. In the female fish the histidine content increased steadily 
throughout the migratory journey. It is obvious from Table I that this increase 
was due to an increase in the size of the gonads rather than to an increase in 
the histidine concentration. The gonads from the male fish, on the other hand, 
showed little change in the histidine content during the early stages of the 
migration, but the content dropped appreciably between Lillooet and Forfar 
Creek. In this case the decrease was one in concentration and not one in weight 
of the tissue. 


TaBLE II. Non-protein histidine content of the tissues from sockeye salmon 
at different locations on the migratory route. 


Tissue Sex Lummi Island Lillooet Forfar Creek 


milligrams histidine per tissue 


Heart M 4.9 5.1 4.7 
F 4.2 4.5 $7 
Alimentary tract M 125.2 14.5 5.0 
F 136.8 10.5 2.6 
Spleen M 0.7 0.5 1.0 
F 0.6 0.4 0.4 
Liver M 6.7 5.3 6.1 
F 9.4 5.4 6.7 
Kidney M 9.6 11.0 13.1 
; F 11.1 9.4 10.0 
Gonads M 11.1 12.4 5.7 
F 5.3 7.1 11.0 
Muscle M 584.6 99.9 62.9 
F 747.4 114.7 107.3 
Head + skin + M 199.1 112.4 97.2 
bones + tail F 179.8 81.8 76.7 
*Total M 941.9 261.1 195.7 

F 


1,094.6 233.8 218.4 


*The total value consists of the sum of the histidine contents of all} the 
tissues except the blood. 
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DISCUSSION 


The results indicate that although some of the tissues retained their histidine 
content throughout the migration, the total amount of histidine in the fish as a 
whole decreased substantially in the early stages of the migratory journey. 
The reason for this remarkable fall in the histidine content appears to be the lack 
of éxogenous histidine, i.e., an insufficient amount of histidine-containing food 
was consumed by the fish. It is known that Pacific salmon do not feed during 
the entire period of spawning migration. However, at Lummi Island the sockeye 
salmon under investigation were in good shape physically and had been eating 
in the not-too-distant past. If the histidine in the fish originated in the food, 
then the histidine content of the fish at Lummi Island would be expected to be high. 
As the fish swim upstream without any intake of food, and therefore of histidine, 
the reserves of that amino acid would be greatly reduced. The changes observed 
in the histidine level of the tissue fluids of the salmon followed just this pattern. 
This theory for the decrease in histidine agrees with the observations of Lukton 
(1958) who reported that the histidine content of the muscle of the chinook 
salmon (O. tshawytscha) decreased when the fish were placed on a diet deficient 
in histidine. 

It is interesting to note that histidine is present in relatively large amounts 
in the salmon, in which species it has been shown to be a nutritionally essential 
amino acid (Halver, 1957). The question arises as to what is the role of histidine 
in the tissues. Bate-Smith (1938) suggested that imidazole compounds acted 
in a buffering capacity, whereas Russian work reviewed by Stekol (1957) indicated 
that histidine may contribute to the metabolic activity of the muscle. At the 
present moment there is no clear explanation as to the role of free histidine. 
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Characteristics of Water and Variations of 
Salinity, Temperature, and Dissolved Oxygen Content of the Water 
at Ocean Weather Station “P”’ in the Northeast Pacific Ocean‘ 


By Susumu TABATA 
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Pacific Oceanographic Group, Nanaimo, B.C. 


ABSTRACT 


Vertical distributions of salinity, temperature, and dissolved oxygen content of the water at 
Ocean Weather Station “P”’ (lat. 50° N, long. 145° W) in the northeast Pacific Ocean have been 
examined for water characteristics, and deviations about their mean values. They are based on 
surveys made every alternate 6-week period during the 2 years between August 1956 and July 
1958, and include data above the depth of 1500 metres. Temperature and salinity data are 
presented in two-dimensional frequency distribution on a temperature-salinity diagram. Variations 
at each depth during the 6-week periods are expressed in terms of standard deviations and ranges. 
Causes of these variations, when ascertainable, are discussed briefly. 


INTRODUCTION 


OCEANOGRAPHIC DATA collected from weatherships are of particular interest from 
a statistical point of view as they are taken almost continuously from fixed 
points in the ocean. At Ocean Weather Station ‘‘P”’ (phonetically designated as 
PAPA) (lat. 50° N, long. 145° W) in the northeast Pacific Ocean (Fig. 1), oceano- 
graphic observations have been made through every alternate 6-week period 
since August 1956. These data are recorded annually in the Oceanographic and 
Limnological Series of Manuscript Reports of the Fisheries Research Board of 
Canada (Pacific Oceanographic Group, 1957, 1958, 1959). 

There is no location in the northeast Pacific Ocean region from which such 
large numbers of oceanographic observations are available at one locality as 
from Station ‘‘P’’. It seems likely, however, that the types of frequency 
distribution, structures, and deviations of the properties of water here are 
generally characteristic of the water in this region of the Pacific. 


DATA 


During each oceanographic cruise at Station ‘‘P’’, water samples were 
obtained and temperature observations made weekly (weather permitting) at 
standard depths of 0, 10, 20, 30, 50, 75, 100, 125, 150, 175, 200, 250, 300, 400, 

~ ‘IReceived for publication December 7, 1959. 
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Fic. 1. Chart showing location of Ocean Station “P’’ and major surface currents of the 
northeast Pacific Ocean. 


500, 750, 1000, 1250, and 1500 metres (m). These were followed by observations 
to depth of 300 m, a few days later. In general, there are 10 to 12 observations 
from each depth above 300 m, and half as many from greater depths. Therefore, 
the data obtained from depths above 300 m have more statistical weight than 
those obtained from depths below 300 m. 

Until August 1957, salinity determinations were made by the Mohr chemical 
method. These are reported to have a precision of +0.017% (mean of duplicate 
determinations) at 0.05 probability level, or standard deviation of about + 0.01%. 
Since then, salinity has been determined by a conductivity method to a precision 
of +0.004%, (mean of duplicate determinations), or standard deviation of 
+0.002% (Strickland, 1958). Temperatures were measured with reversing 
thermometers and are likely to be precise to +0.04 C° at 0.05 probability level, 
or standard deviation of +0.02 C° (Boyce, 1960). Thermometric depths are 
assumed to be accurate to +5 m at depths above 1000 m. At depth of 700 m, 
for example, where the temperature changes by 0.1 C° in 50 m, deviations of at 
least +0.03 C° from these errors are possible. The precision of oxygen determin- 
ations (Winkler method) at 0.7 milligram-atoms per litre (mg-at/l) level is + 0.0165 
mg-at/l, and at 0.03 mg-at/l level is +0.003 mg-at/l at 0.05 probability level, or 
standard deviations of +0.008 mg-at/] and +0.0015 mg-at/l respectively 
(Strickland, 1958). 

All values have been reduced to those of the standard depths by three-point 
parabolic interpolation in a digital computer (Fofonoff and Tabata, 1958). 
Since sampling bottles were usually placed at the standard depths on the hydro- 
graphic wire and since wire angles were usually kept within 15°, the interpolation 


TABLE la. 
August 1956 to July 1958. 
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Means and ranges of salinity (%) of water at Station “P’’ during period 
(Parentheses denote number of observations.) 

















1956 1957 1957-8 
25 Aug. 10 Nov. 27 Jan. 20 Apr. 13 July 28 Sept. 14 Dec. 9 Mar. 
to to to to to to to to 
26 Sept. 7 Dec. 2 Mar. 29 May 21 Aug. 29 Oct. 22 Jan. 16 Apr. 
Cruise 
No. 56-1 56-2 57-1 57-2 57-3 57-4 57-5 58-1 
Depth 
(m) 
0 32.72 32.73 32.70 32.66 32.63 32.74 32.77 32.89 
.14(7) .09(4) -17(8) .20(12) .25(11) .17(10) 14(12) ASCII 
10 32.68 32.69 32.67 32.63 32.61 32.67 32.72 32.85 
-11(7) .05(4) .07(8) -11(12) -17(11) -13(10) .15(12) 21 
30 32.69 32.67 32.65 32.63 32.62 32.65 32.72 32.86 
.09(7) .09(4) .05(8) .09(12) -08(11) -11(10) -14(12) .12(12 
$0 32.73 32.68 32.66 32.63 32.70 32.78 32.70 32.86 
.04(7) .07(4) .06(8) -04(12) .10(11) .25(10) .10(12) ALG 
75 32.77 32.71 32.66 32.64 32.78 32.90 32.70 32.86 
.03(7) .05(4) .05(8) .12(12) -12(11) -11(10) .09(12) l(t 
100 32.82 33.07 32.72 32.70 32.88 32.96 32.79 32.91 
.06(7) -68(4) .24(8) .29(12) -23(11) .11(10) .44(12) 3711 
125 33.18 33.38 33.00 32.98 33.24 33.17 33.30 33.41 
.39(7) .52(4) .47(8) .54(12) .49(11) .31(10) .27(12) 7411 
150 33.61 33.64 33.44 33.43 33.51 33.42 33.50 33.63 
.40(7) .19(3) .39(8) -27(12) .29(11) .28(10) .22(12) .24(11 
175 33.77 33.77 33.69 33.65 33.69 33.59 33.62 33.71 
.13(6) .09(3) .17(8) -18(12) .22(10) .28(10) .20(12) O7(11 
200 33.85 33.86 33.80 33.77 33.80 33.73 33.71 33.75 
.04(6) .03(3) .06(7) .14(12) .23(10) .35(10) .08(12) OS(11 
250 33.92 33.94 33.88 33.86 33.90 33.84 33.82 33.82 
.04(6) .02(2) .04(7) .08(12) .13(10) -18(10) .04(12) OS(11 
300 33.97 33.99 33.98 33.93 33.96 33.92 33.90 33.88 
.06(6) - (1) .21(7)° -05(12) .08(10) .14(10) .O5(11) .O5(11 
400 34.08 34.09 34.08 34.04 34.08 34.06 34.03 34.03 
.03(5) - (1) .08(5) ,04(6) .03(6) .05(5) .04(6) .02(5) 
500 34.16 34.17 34.16 34.12 34.16 34.14 34.12 34.14 
.02(5) - (1) -11(5) .04(6) .05(6) .04(5) .05(6) .03(5) 
700 8 34.28 34.28 34.26 34.24 34.28 34.27 34.26 34.27 
.00(5) - (1) .10(5) .04(6) .03(6) .02(5) .03(5) .04(5) 
1000 34.41 34.41 34.36 34.37 34.41 34.40 34.41 34.40 
.03(5) - (1) .06(5) .05(6) .03(6) .04(5) .03(5) .01(5) 
1200 34.42 34.47 34.42 34.43 34.45 34.48 34.45 34.45 
.01(2) - (1) .06(4) .05(6) .05(5) .02(4) .01(3) .01(5) 
1500 - - 34.49 - 34.52 - - - 
- ~ .02(3) - - 


-03(5) 


1958 


31 May 
to 
8 July 


32.87 
) .24(12) 
32.83 
) -14(11) 
32.86 
) .14(12) 
32.92 
) 04(12) 
32.94 
) -12(12) 
32.96 
) -11(12) 
33.39 
) .48(12) 
33.68 
) -28(12) 
33.76 
) .10(12) 
3379 
) .03(12) 
33.84 
) .06(12) 
33.90 
) OS(11) 
34.04 
.04(6) 
34.14 
.03(6) 
34.29 
.02(6) 
34.42 
.04(6) 
34.46 
.02(3) 





errors are probably negligible. 


records. 


are presented in condensed form in the accompanying Tables. 


depths. 


Values which appeared to have obvious errors 
have been eliminated from consideration here, although they are listed in the data 
The sets of data containing as many as 90 observations at each depth 
made during the 2-year period were examined. The results of this examination 
Table Ia shows 
the means and ranges, and Ib the standard deviations, for salinity at various 
Tables Ila,b, and IIla,b show respectively the corresponding data 
for temperature and dissolved oxygen content of the water. 
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GENERAL OCEANOGRAPHIC LOCATION OF STATION ‘‘P”’ 


Station “‘P’’ (Fig. 1) lies in the path of the near-zonal and sluggish flow 
(about 5 cm/sec) of the Sub-arctic Current. This current changes its direction 
from an easterly to northeasterly or northerly course in this vicinity (Dodimead, 
1958). The Station is situated west of the divergence where the Sub-arctic 
Current divides to form the northward-flowing Alaska Current and the south- 
ward-flowing California Current. 


SuB-ARCTIC WATER Mass 


The general description of this water of the Northeast Pacific Ocean has 
already been reported by several authors (Doe, 1955; Tully and Dodimead, 
1957; Bennett, 1959). 

The major feature of the water structure in this region is the presence of 
an upper zone, a halocline, and a lower zone. These zones may be identified 
by referring to the temperature-salinity curve (T-S curve) shown in Fig. 2. 
In the upper zone which extends from the surface to depth of about 100 m (Fig. 
3a and 3c) the salinity is 32.7%. However, the temperature in the zone varies 
by as much as 8 C° from winter to summer (Fig. 4c). In summer, the zone is 
represented by the vertical segment of the T-S curve (Fig. 2). In winter, the 
water in this zone is mixed to homogeneity and hence both salinity and temperature 
are constant (Fig. 3a and 4a). In summer, a secondary halocline frequently 


TABLE Ib. Standard deviations of salinity (%) of water at Station ‘“‘P’’ during period 
August 1956 to July 1958. 


1956 1957 1957-8 1958 


25 Aug. 10 Nov. 27 Jan. 20 Apr. 13 July 28 Sept. 14 Dec. 9 Mar. 31 May 
to to to 





to to to to to to 
26 Sept. 7 Dec. 2 Mar. 29 May 21 Aug. 29 Oct. 22 Jan. 16 Apr. 8 July 
Cruise 
No. 56-1 56-2 57-1 57-2 57-3 57-4 57-5 58-1 58-2 
Depth 
(m) 

0 05 .03 .05 .07 .06 .05 .05 .05 .08 

10 .04 .02 .02 .03 .05 .04 04 .04 .05 
30 .03 .03 82 .02 .03 .03 04 .04 -05 
50 O1 .03 .02 .02 03 .03 .03 .04 04 
75 01 01 01 03 .03 .03 .03 04 .03 
100 .02 .26 .08 .08 .07 .03 13 .09 .04 
125 13 18 16 .16 12 .09 .08 .26 14 
150 12 = 12 .07 .07 08 05 .07 .07 
175 04 cae .06 OS 05 07 05 .02 .02 
200 01 eee .02 .04 .06 .09 .02 .02 01 
250 01 re 02 02 .03 OS 01 .02 .02 
300 02 pee 01 .02 .02 04 01 .02 02 
400 .00 a“ .00 01 01 .02 01 01 O01 
500 01 5 ahs 04 01 02 01 02 01 01 
700 .00 sew .03 01 01 01 01 01 01 
1000 01 sie .02 .02 01 01 01 01 O01 
1200 kan ee .03 02 .02 01 ian .00 01 


1500 - owe - 1 


TABATA: WATER CHARACTERISTICS IN NORTHEAST PACIFIC OCEAN 357 


TABLE Ila. Means and ranges of temperature (°C) of water at Station ‘‘P’’ during 
period August 1956 to July 1958. (Parentheses denote number of observations.) 


1956 1957 1957-8 1958 





25 Aug. 10 Nov. 27 Jan. 20 Apr. 13 July 28 Sept. 14 Dec. 9 Mar. 31 May 
to to to to to to to 








to to 
26 Sept. 7 Dec. 2 Mar. 29 May 21 Aug. 29 Oct. 22 Jan. 16 Apr. 8 July 
Cruise 
No. 56-1 56-2 57-1 57-2 57-3 57-4 57-5 58-1 58-2 
Depth 
(m) 
0 13.34 6.82 5.62 7.06 11.92 12.79 7.33 6.10 10.90 
2.20(7) 1.20(4) -40(8) 1.81(12) 2.90(11) 1.70(10) 2.09(12) -60(11) 3.50(12) 
10 12.99 6.81 5.59 6.96 11.91 12.81 7.31 6.17 10.45 
1.37(7) 1.20(4) .29(8) 1.74(12) 3.05(11) 1.55(10) 2.06(12) .55(11) 2.98(12) 
30 9.95 6.79 5.56 6.80 11.29 12.81 7.30 6.16 8.66 
5.63(7) 1.21(4) .28(8) 1.80(12) 2.01(11) 1.50(10) 2.05(12) -51(11) 2.98(12) 
50 6.38 6.79 5.54 6.72 8.19 9.03 7.29 6.14 6.82 
1.35(7) 1.20(4) .27(8) 1.90(12) 2.11(11) 4.61(10) 2.05(12) .45(11) .64(12) 
75 4.33 6.08 5.48 6.20 5.95 6.57 7.24 6.13 6.12 
-40(7) .95(4) .27(8) 1.37(12) -93(11) 1.33(10)  1.63(12) -45(11) -89(12) 
100 4.04 4.11 5.23 5.49 5.08 5.93 6.70 6.07 5.80 
-42(7) .27(4) -90(8) 1.01(12) .34(11) -85(10) 2.49(12) -60(11) .31(12) 
125 4.20 4.18 4.29 4.77 4.40 5.31 5.58 5.73 5.70 
.29(7) .34(4) .58(8) 1.17(12) -79(11) 1.00(10)  1.32(12) .87(11) .48(12) 
150 4.37 4.20 4.07 4.07 3.99 4.49 4.88 5.01 §.12 
-17(7) .03(3) .21(8) .23(12) .19(12) 1.34(10) -85(12) -90(11) -46(12) 
175 4.30 4.13 4.17 4.07 3.92 3.95 4.44 4.55 4.67 
.07(6) -03(3) .10(8) * .22(12) .25(10) .16(9) -42(12) .60(11) .45(12) 
200 4.22 4.08 4.17 4.14 3.90 3.88 4.16 4.27 4.38 
.23(6) .06(3) .18(7) .09(11) .20(11) -16(9) .34(12) .44(11) -42(12) 
250 4.06 4.10 4.01 4.08 3.88 3.74 3.87 3.91 4.00 
-10(5) .02(2) .08(6) .07(11) -14(10) -11(9) -19(12) .36(11) -14(12) 
300 3.92 3.92 3.93 3.93 3.86 3.78 3.83 3.76 3.83 
.04(5) - (1) .07(7) .26(7) .18(10) -16(8) -11(11) .29(10) .21(11) 
400 3.79 3.81 3.78 3.71 3.77 3.74 3.84 3.80 3.74 . 
.04(5) - (1) -05(5) -15(5) -22(6) .10(5) .12(6) .16(5) .24(6) 
500 3.61 3.56 3.66 3.63 3.65 3.67 3.75 3.73 3.73 
-16(5) - (1) -07(5) -02(6) -13(6) -11(5) .09(6) -15(5) .05(6) 
700 3.28 3.19 3.29 3.28 3.26 3.29 3.35 3.40 3.38 
.06(5) - (1) .07(5) -10(6) .09(6) .08(5) .04(4) .12(5) .07(6) 
1000 2.79 2.78 2.78 2.78 2.81 2.79 2.87 2.85 2.86 
.10(5) - (1) .05(6) -05(5) .07(6) .06(5) .06(5) .04(5) 08(6) 
1200 2.48 2.57 2.52 ae 2.56 2.55 2.57 2.54 2.58 
- (1) - (1) .07(4) vane .10(10) .04(4) .06(3) .06(5) .07(6) 
1500 - - 2.25 - 2.28 - - - 


- - .00(3) - -10(5) - 
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appears within the upper zone (Fig. 3c). Also, in some years a temperature 
inversion occurs in the halocline. The dissolved oxygen content is relatively 
constant, having a value of about 0.60 mg-at/l (Fig. 5a and 5c); however, in 
summer it is at maximum at about mid-depth in this zone (Fig. 5c). The specific 
volume anomaly of the water in the upper zone varies from about 350 centilitres 
per metric ton (cl/ton) at the top, to 200 cl/ton at the bottom of the zone (Fig. 2). 

Just below the upper zone lies the halocline, usually between the depths 
of 100 and 200 m. Here the salinity increases markedly with depth by as much 
as 1.0% (Fig. 3a and 3c) while the temperature changes relatively little with 
depth (Fig. 4a and 4c). On the T-S curve, the halocline is therefore represented 
by the horizontal segment (Fig. 2). The dissolved oxygen content decreases 
quite rapidly with depth, dropping from 0.60 mg-at/l at top to 0.30 mg-at/I at 
bottom of the halocline (Fig. 5a and 5c). The specific volume anomaly decreases 
from 200 cl/ton at top to 130 cl/ton at bottom of the halocline (Fig. 2). 

In the lower zone, namely the water below the halocline, the properties of 
water change gradually with depth. The salinity increases, reaching 34.4% at 
depth of 1000 m (Fig. 3a and 3c) and to 34.7% near the bottom (4000 m). The 
temperature decreases to 2.8° C at depth of 1000 m (Fig. 4a and 4c) and to 1.5° C 
near the bottom. The dissolved oxygen content decreases to a minimum (0.05 
mg-at/l) at depth of about 1000 m (Fig. 5a and 5c) and then increases gradually 
to 0.30 mg-at/l near the bottom. On the T-S curve this zone is represented by 


TABLE IIb. Standard deviations of temperature (°C) of water at Station ‘P” during 
period August 1956 to July 1958. 








1956 1957 1957-8 1958 
25 Aug. 10 Nov. 27 Jan. 20 Apr. 13 July 28 Sept. 14 Dec. 9 Mar. 31 May 
to to to to to to to to to 
26 Sept. 7 Dec. 2 Mar. 29 May 21 Aug. 29 Oct. 22 Jan. 16 Apr. 8 July 
Cruise 
No. 56-1 56-2 57-1 57-2 57-3 57-4 57-5 58-1 58-2 
Depth 
(m) 

0 82 46 08 64 .86 55 66 17 1.10 
10 45 46 09 61 83 51 66 17 79 
30 1.65 47 .09 59 71 .49 -65 AS 1.08 
50 .44 47 10 .60 72 1.31 64 16 .20 
75 14 35 09 -42 .27 43 .56 .14 .24 

100 is 11 28 31 10 28 -66 20 07 
125 ll .14 19 41 .22 32 38 .29 15 
150 06 . 0S 07 37 24 26 12 
175 03 03 .07 -06 05 14 16 12 
200 07 06 .03 04 05 il il 12 
250 04 03 .02 .04 05 05 13 0s 
300 01 03 08 .05 0S 03 08 07 
400 02 02 06 .07 05 04 07 08 
500 06 03 01 .04 04 03 05 02 
700 02 02 04 .03 03 02 04 03 
1000 03 03 .02 .02 02 02 O01 03 
1200 03 .03 02 02 03 
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TABLE IIIa. Means and ranges of dissolved oxygen content (mg-at/1) of water at Station 
“Pp” during period August 1956 to July 1958. (Parentheses denote number of observations. ) 


1957-8 








1957 1958 
25 Aug. 10 Nov. 27 Jan. 20 Apr. 13 July 28 Sept. 14 Dec. 9 Mar. 31 May 
to to to to to to to to to 
26 Sept. 7 Dec. 2 Mar. 29 May 21 Aug. 29 Oct. 22 Jan. 16 Apr. 8 July 
Cruise 
No. 56-1 56-2 57-1 57-2 57-3 57-4 57-5 58-1 $8-2 
Depth 
(m) 
0 .550 -614 636 631 .607 567 -632 .702 613 
.032(7) .032(4) .030(9) .040(12) .047(11) .026(5) .042(12) .096(10) -125(10) 
10 548 603 .630 631 .605 .566 627 .700 .610 
.073(7) .036(4) .027(9) .040(12) .039(11) .015(8) -040(12) .086(10) .055(12) 
30 .573 .595 .624 631 612 .570 .626 .698 654 
.081(7) .037(4) .042(9) .035(12) .041(11) .037(10) .039(12) .080(10) .067(12) 
50 .604 .592 .622 636 631 591 625 .696 .661 
.047(7) .036(4) .059(9) .078(12) -050(11) .072(10) .038(12) .091(10) .027(12) 
75 .620 .589 631 .633 .638 .608 .633 694 .642 
-034(7) .029(4) .034(9) .045(12) .030(11) .062(10) .082(12) -089(10) .074(12) 
100 .608 .566 .600 618 -622 617 .629 .674 .637 
.044(7) .020(4) .108(9) .071(12) .066(11) .029(10) -065(12) -138(10) .055(12) 
125 499 A425 552 561 531 .573 .587 .582 .548 
-119(7) .077(4) .105(8) -158(12) -127(11) .043(10) .090(12) .156(10) .107(12) 
150 .364 .307 442 A415 425 493 .526 .528 472 
.038(7) .018(3) -052(8) .033(12) .032(11) .022(10) -025(12) .087(10) .064(12) 
175 -282 .248 315 312 341 414 458 .469 427 
.062(6) .023(3) .057(8) * 134(12) .121(10) .078(10) .060(12) .031(10) .036(12) 
200 .222 .206 .245 .248 .278 337 406 407 381 
.043(6) -012(3) .058(7) .124(12) .149(10) .080(10) .079(12) .076(10) .050(12) 
258 «2 s«£AS3 .149 177 -162 -202 .236 312 .309 .298 
.035(5S) - (1) .064(7) .039(11) .099(10) .068(9) .119(12) .064(10) .070(12) 
300 107 .098 134 .126 -142 .165 .242 .237 .223 
-025(S) (1) .088(7) .041(11) .090(10) .048(8) -137(12) .048(10) -041(11) 
400 .074 .080 O71 .084 .088 .090 -152 .148 .137 
-017(5) —- (1) .027(5) .057(6) .051(6) .043(5) .056(6) .008(5) .027(6) 
500 .063 .065 .056 -064 .062 .072 .091 .105 .090 
.027(5) - (1) .010(5) .033(6) .008(6) .010(5) .061(5) .012(5) .022(6) 
700 =.052 .047 .047 .047 .055 .062 .078 .073 .061 
.030(5) - (1) .016(S) .009(6) .012(6) .016(5) -045(5) -018(5) -016(6) 
1000 .046 .049 041 048 .055 .054 .066 .064 .050 
.030(5) - (1) .013(5) .018(5) .018(6) .014(5) .040(5) -014(5) .003 (6) 
1200 .036 eee .049 .052 .063 -052 .060 .076 .049 
.022(3) ‘ .030(4) -014(4) -024(6) .021(4) - (1) .070(5) .019(6) 
1500 = = .076 - .073 - - - 
- - .033(3) - .007(4) - - - 
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the diagonal segment. The specific volume anomaly of the water in this zone 
varies from about 130 cl/ton at top of the lower zone to about 60 cl/ton at depth 
of 1000 m and to 30 cl/ton near the bottom (Fig. 2). 


CHARACTERISTICS OF WATER 


In order to present the characteristics of water at Station ‘‘P’’, a type of scatter 
diagram has been used to plot the large number of observations of salinity and 
temperature on the conventional T-S diagram. These are shown in Fig. 6a 
(10-125 m) and Fig. 7 (150-1500 m). Following the method of Montgomery 
(1955), the data are also presented in a two-dimensional frequency distribution 
on a T-S diagram (Fig. 6b and 7). For the frequency distributions shown in 
Fig. 6b, class intervals of 0.5 C° for temperature and 0.05% for salinity are chosen. 
For observations at greater depths (Fig. 7) where variations are much smaller 
than in surface zone, class intervals of 0.05 C° for temperature and 0.03%, for 
salinity are selected. 

From the scatter diagram shown in Fig. 6a, it is evident that in the upper 
zone the salinity remains in the narrow range between 32.6 and 33.0%. But 
as the depth approaches that of the halocline, the range increases from 0.4% at a 
depth above 75 m to maximum of 1.0% at depth of 125 m in the halocline. The 
temperature range decreases from a maximum of 9 C° in the upper 50 m depths 
to less than 3 C° at depth of 125 m. Below the halocline the scatter, and hence 


TABLE IIIb. Standard deviations of dissolved oxygen content (mg-at/1) at Station ‘‘P”’ 
during period August 1956 to July 1958. 





1956 1957 1957-8 1958 














25 Aug. 10 Nov. 27 Jan. 20 Apr. 13 July 28 Sept. 14 Dec. 9 Mar. 31 May 
to to to to to to to to to 
26 Sept. 7 Dec. 2 Mar. 29 May 21 Aug. 29 Oct. 22 Jan. 16 Apr. 8 July 
Cruise 
No. 56-1 56-2 57-1 57-2 57-3 57-4 57-5 58-1 58-2 
Depth 

(m) 

0 014 012 .010 O11 .016 .010 012 .032 .038 

10 .023 .013 .009 O11 .010 .007 012 .032 015 

30 .028 014 .012 .010 012 012 011 .032 .018 

50 017 014 ‘016 .020 014 .024 O11 .033 .009 

75 O11 010 010 O11 .009 017 021 .034 .019 
100 013 .008 .033 019 -021 .007 015 .038 014 
125 .044 .028 .033 -042 .036 .014 .024 .050 .039 
150 .038 ‘ee .052 .033 .032 .022 .025 .029 .018 
175 .022 on .022 .035 .035 .022 .022 015 012 
200 014 7 .020 .030 .041 .026 .023 .024 .014 
250 .014 vow .020 .010 .029 .025 .029 .020 019 
300 .009 one .026 .010 .026 .016 .034 017 014 
400 .005 ‘+e .010 .020 .016 .016 .020 .002 .008 
500 .010 e- .004 012 .003 .003 -030 .005 .007 
700 .010 ven .006 .004 005 .005 019 .007 .006 
1000 .012 Te .005 .007 .006 .003 014 .005 .000 
1200 .010 ae O12 .005 .008 .009 soa .023 .002 
1500 - - - - - 
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Fic. 2. Temperature-salinity relations of water at Station ‘“P’’. (Mean 


value for each depth and for each cruise is plotted. Large arrows indicate 
limits of various zones.) 


the ranges, of both the salinity and temperature decreases with depth. At 
depth of 150 m the scatter is still appreciable, the salinity range being 0.6% and 
temperature range being 1.5 C° (Fig. 7). However, at depth of 1000 m the 
ranges are only 0.05% and 0.2 C°. 

As illustrated in Fig. 6b and 7 the frequency distributions of both the salinity 
and temperature at the various depths are generally asymmetric. In some, the 
distributions are uni-modal, notably those of salinity and temperature at depths 
greater than 400 m. In others, especially in the upper zone, they are bi-modal. 
At present it is difficult to ascertain whether the distributions are of Normal or 
of Poisson type. 
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Fic. 3. Vertical profiles of salinity (%) with deviations for winter and 
summer (from mean value for each depth and for each cruise). 
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Fic. 4. Vertical profiles of temperature (°C) with deviations for winter 
and summer (from mean value for each depth and for each cruise). 
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The frequency distribution of salinity in the upper 50 m depth has bi-modal 
characters, one set lying between salinity of 32.6 and 32.7% and the other between 
32.8 and 32.9%, (Fig. 6b). The former, with the larger peak, appears to be 
representative of the salinity in the region. The smaller peak is associated with 
the relatively more saline water occurring in the region during 1958. 

In the frequency distributions of temperature in the upper 50 m depth there 
is one large peak in the lower temperatures and a smaller one in the higher 
temperatures. The lower temperatures are associated with large volumes of 
water in winter when the mixed layer is deeper (100 m) than in summer (30 m). 
Because of the larger volume and hence larger heat capacity of the mixed layer 
in winter, the temperatures at this time are less affected by the heat exchange 
at the sea surface. The surface temperature variations are within 2 C° from 
late autumn through winter to spring whereas they vary by as much as 8 C° from 
spring through summer to autumn (Hollister, 1956). The minimum frequency 
at temperatures between 9 and 10° C is presumably due to the short period in 
spring and autumn when these temperatures occur. This period corresponds 
to the maximum seasonal rate of change of temperature. 

At depths greater than 50 m in the upper zone, the distribution is more 
symmetrical than in the upper 50 m depth (Fig. 6b). However, at depth of 100 m, 
a small peak is evident in the lower temperatures. This is associated with the 
relatively cold water at this depth during 1956. 

The frequency distribution of salinity at 150 m depth in the halocline is 
bi-modal, one peak occuring at salinity of 33.5% and a secondary peak at salinity 
of 33.7%. The latter appears to be related to the presence of a relatively more 
saline water at this depth during 1958. 

In and immediately below the halocline (125-300 m) the frequency 
distribution of both the temperature and salinity is bi-modal. The colder more 
saline water is prevalent in the first half of the period (summer 1956 to summer 
1957). Thereafter, warmer, less saline water is evident. As pointed out and 
discussed by Tully et al. (1960), this interval is below the depth of seasonal 
influence, hence the occurrence of these modes defines a change of water mass 
in the summer of 1957. There is no doubt that the change of water mass also 


occurred in the shallower water; however, there it is probably obscured by the 
seasonal variations. 


As with the frequency distribution of salinity, the data grouping of tempera- 
ture below the depth of 300 m is uni-modal. In some cases, as for depth of 400 m, 
the distribution is negatively skewed. 

It is apparent from Fig. 6a and 7 that the frequency distribution of specific 


volume anomaly is generally asymmetric. In depths below 500 m symmetry is 
evident. 


DEVIATIONS OF SALINITY ABOUT ITS MEAN VALUE 


The largest deviations of salinity during the 6-week period occur in the 
halocline. At 100, 125, and 150 m depths the standard deviation is as large as 
+0.26%, (Fig. 3b and 3d, Table Ib). Detailed observations made at Station 
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‘“‘P”’ show the possibility at these depths of internal waves which are presumed 
to cause these variations. Standard deviations as large as +0.08% occur at 
the surface. These deviations are relatively large, presumably because the 
surface salinity is most subject to changes in variable precipitation and 
evaporation. 

Comparatively large deviations (standard deviations of +0.08%) occurred 
at depth of 50 m during Cruise 57-4 (September—October 1957) (Table Ib). 
This is attributed to the presence of a secondary halocline which occurred at 50 
m depth during this period. Again, as in the case of the principal halocline, the 
deviations are probably due to the internal waves. 

In the greater depths below 200 m, deviations are generally less than +0.02% 
and approach those attributable to observational error. However, there are 
two instances where they are greater. One is at depths just below the halo- 
cline during Cruise 57-4 (September—October 1957). Here, the deviations seem 
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Fic. 6b. Frequency distributions of salinity and temperature of water at Station ‘P”’ 
(1-125 m depths). 
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to be due to the presence of a greater vertical salinity gradient, at these depths 
during this time, than during other cruises. The other instance is at depths 
between 500 and 1200 m during Cruise 57-1 (January-February 1957) where 
the deviations are about twice as large as those of other cruises at comparable 
depths. The reason for this is unknown. 


DEVIATIONS OF TEMPERATURE ABOUT ITS MEAN VALUES 


In Table IIb the standard deviations of the temperatures at various 
depths are shown. It is evident that large deviations of temperature are in the 
thermocline depths where the vertical temperature gradient is largest (Fig. 4b 
and 4d), for example, at 30 m during Cruise 56-1. These larger deviations are 
presumably caused by the internal waves as in the case of the halocline. The 
almost constant deviations in the upper zone during autumn and winter are due 
to cooling, and those in spring and summer are due to warming, of the water. 
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Fic. 7. Temperature-salinity diagram and frequency distributions of salinity and temperature 
of water at Station ‘P’’ (150-1500 m depths). 
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The deviations at depths below 500 m are small, seldom exceeding standard 
deviations of +0.04 C° and usually in the +0.03 C° range. They are almost 
as small as those attributable to observational errors. 


VARIATIONS OF DISSOLVED OxYGEN CONTENT ABOUT ITS MEAN VALUE 


The two types of oxygen structure are shown in Fig. 5b and 5d. The summer 
type has a maximum above the halocline depth whereas the winter type is homo- 
geneous in the upper zone. As shown in Table IIIb the largest deviations occur 
in the halocline where the vertical gradient of dissolved oxygen content is greatest. 
They are generally +0.03 mg-at/l but reach values as large as +0.05 mg-at/l. 
In the upper zone and in the depths below 200 m the deviations are considerably 
less (+0.01 mg-at/l). A rather large deviation, greater than +0.02 mg-at/I, 
occurred in the greater depths during Cruise 57-5 but the exact reason for this 
is not clear. The deviations of dissolved oxygen content in the lower zone seem 
greater than those attributable to observational errors, whereas those of both 
salinity and temperature at these depths approach those attributable to observa- 
tional errors. These relatively large deviations are presumably due to the 
presence of an appreciable horizontal gradient (Dodimead, 1958) of dissolved 
oxygen content in the lower zone in the region. Hence, horizontal movement of 
water would affect the dissolved oxygen content at Station ‘‘P’’. 
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The Phosphorus-containing Fractions of Sterile 
Lingcod Muscle During Storage at 0°C' 


By Nett ToMLInson, VERA M. CREELMAN AND K. G. REID 


Fisheries Research Board of Canada 


Technological Station, Vancouver 8, B.C. 


ABSTRACT 


During refrigerator storage of sterile lingcod muscle for up to 3 weeks at 0°C no significant 
changes occurred in the P content of the phospholipid, ribonucleic acid, or deoxyribonucleic acid 
fractions, but in the acid-soluble fraction the portion of total P accounted for by inorganic P 
increased to 96% from 75%. The P-containing fractions from the fish held in ice for the same 
period did not differ appreciably from those of the sterile muscle. An aqueous extract of lingcod 
muscle was shown to be able to form orthophosphate from a variety of phosphorylated compounds 


INTRODUCTION 


CERTAIN INFORMATION regarding changes that occur in the phosphorus-containing 
compounds of fish muscle post mortem is available, but it is of a more or less 
fragmentary nature. Jones and Murray (1957), Murray and Jones (1958), and 
Saito et al. (1957a, 1957b, 1957c, 1959) have made detailed studies of the changes 
that occur in the adenine nucleotides. Yamada (1948) and Fujimaki and Kojo 
(1953) have described changes in several components of the acid-soluble fraction 
of fish muscle, but only for periods of up to 3 days post mortem. Cardin et al. 
(1958) have reported the extensive breakdown of phospholipid in codfish under- 
going ‘‘Gaspé cure’’, and Lovern et al. (1959) have measured the breakdown of 
phospholipid in codfish during extended storage in ice. The course of this last 
process was slow for the first 2 to 3 weeks, after which it proceeded at a more 
rapid rate. Tomlinson and Creelman (1960) found no breakdown of ribonucleic 
acid in lingcod stored at 0°C for periods up to 8 days. In most of the work 
mentioned, it is probable that bacteria played a negligible part in changes that 
were observed to occur in the first few days post mortem, but in the longer-term 
experiments their role is uncertain. 

In order to gain more insight into the changes that occur in each of the 
several phosphorus-containing fractions of fish muscle post mortem, in the absence 
of bacterial action, we have examined these fractions in sterile lingcod muscle 
following storage at 0°C for periods of up to 3 weeks. This period was selected 
as being about the maximum time that fish could be held in ice under commercial 
conditions. The ability of lingcod muscle extracts to release phosphorus from a 
variety of phosphorylated compounds has also been examined. 


1Received for publication February 10, 1960. 
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MATERIALS AND METHODS 


Three lingcod (Ophiodon elongatus), weighing about 10 lb (4.5 kg) each, were 
caught by hand line near Fisherman’s Cove, B.C., on November 19, 1959. The 
fish were held in a submerged cage in the cove overnight and transported live to 
the laboratory early the next day. They were dispatched by a blow on the head 
and (approx.) 5-g samples of lateral-dorsal muscle from one side of the fish were 
quickly and aseptically removed and placed in previously weighed, sterile 
22 X 150-mm test tubes plugged with cotton. The tubes and contents were weighed 
and then sealed with aluminum foil caps over the cotton. A sample from each 
fish was at once frozen (—25°C) and the other samples were stored in a refrigerator 
at 0°C. After removal of the sterile samples, the fish were gutted, washed, placed 
in ice and stored in a cold room at an ambient temperature of —2° to + 5°C. 
Although under these conditions the ice melted very slowly, at the end of 3 weeks 
the fish were in an advanced state of spoilage—the cut surfaces of the fish were 
in fact putrid. 

Tubed flesh samples were taken from the refrigerator after storage periods 
of 1,7,14and 21 days. The sterility of each piece of flesh was tested by prodding 
it with a sterile swab then transferring the swab to a nutrient broth—yeast extract- 
artificial sea water medium (Tomlinson and MacLeod, 1957). The inoculated 
medium was incubated at 22°C for 1 week. At the end of this time, or earlier 
if growth became visible, smears were prepared, stained by Gram’s method and 
examined microscopically. After the swab was taken, each sample was frozen 
at —25°C until it could be analysed. At the end of 21 days’ storage, samples were 
also taken from the lateral—dorsal muscle on the previously uncut side of the fish 
stored in ice, and these too were frozen until they could be analysed. 

The analytical procedure followed was essentially that of Davidson et al. 
(1951). This entailed homogenization of the partially thawed sample with ice- 
cold water, the addition of half a volume of ice-cold 30% (w/v) trichloroacetic 
acid solution (TCA), separation of the precipitate by refrigerated centrifugation, 
and washing of the precipitate three times with ice-cold 10% (w/v) TCA. The 
initial extract and the three washings were combined as the acid-soluble fraction. 
The residue was extracted in turn with acetone, absolute ethanol, twice with 
boiling ethanol—ether (3:1), and finally with ether. These extracts were com- 
bined as the phospholipid fraction. The residue was digested with N NaOH 
for 18 hours at 37°C on a shaker. The digest was chilled, acidified, and the 
precipitate formed was removed by centrifugation and washed twice with ice-cold 
10% (w/v) TCA. The extract and washings were combined as the ribonucleic 
acid (RNA)-phosphoprotein fraction. The washed residue was dissolved in 
N NaOH and formed the deoxyribonucleic acid (DNA) fraction. 

Total phosphorus in each fraction was determined by the method of King 
(1932). Inorganic phosphorus in the acid-soluble, and in the RNA-—phospho- 
protein fraction, was precipitated by the method of Mathison (1909), washed 
with cold 2% ammonia solution, dissolved in acid, and measured by King’s 
method. The inorganic phosphorus found in the RNA-phosphoprotein fraction 
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is reported as phosphoprotein phosphorus. The combined inorganic phosphorus 
and acid- and molybdate-labile phosphorus (e.g. phosphocreatine, ribose-1- 
phosphate, acetyl phosphate (Lowry and Lopez, 1946) ) of the acid-soluble 
fraction was determined by a slight modification of King’s method. An aliquot 
of the fraction was incubated for 30 minutes at room temperature with all the 
reagents of the King procedure except the reducing agent. At the end of the 
incubation period the reducing agent was added, and the procedure completed 
as usual. The difference between the phosphorus determined in this manner, 
and the inorganic phosphorus in the same fraction, is reported as labile phosphorus. 

Preliminary determinations on pieces of flesh from the lateral—dorsal muscle 
of a single fish gave results, for all the fractions but two, that were in agreement 
with each other within +7%. For deoxyribonucleic acid, agreement between 
samples was within +10%, and for phosphoprotein the results were even more 
variable. It will be noted that each of these two fractions contained very little 
phosphorus. 

In order to investigate the ability of the muscle enzymes to release ortho- 
phosphate from phosphorylated compounds, an aqueous extract of lingcod muscle 
was prepared and clarified as previously described (Tomlinson, 1958). The 


TABLE I. Phosphorus-containing fractions of lingcod muscle during storage at 0°C. 








Phosphorus (ug/g muscle, wet weight) 





Acid soluble 


Days Phospho- Phospho- 
stored Sample Total Labile Inorganic lipid RNA DNA protein 





Sterile muscle at 0°C: 


0 Fish No. 1 1882 26 1420 239 97 2.1 
1946 95 1493 238 96 : 3.3 
1770 72 1518 232 96 4.0 
2142 52 1960 212 108 , 3.9 
2080 75 1990 197 100 . 3.4 


Fish No. 2050 94 1468 231 81 i 1.0 
2040 169 1637 249 77 ; 0.4 
2080 104 1770 214 81 ; 0.6 
2080 35 1970 229 86 ; 0.7 
1955 32 1920 213 85 s 2.3 


Fish No. 1822 122 1418 231 61 ; 0.3 

1825 60 1638 229 63 ; 0.3 

1875 78 1722 229 63 : 0.2 

14 1880 28 1780 218 63 , 0.3 
21 1980 65 1850 225 69 , 0.8 


Fish in ice: 
21 ~=Fish No. 1 1865 45 1675 212 ; 2.4 


21. ~—~*Fish No. 2 1855 0 1820 225 k 8. 0.1 
21 ~—~Fish No. 3 1615 15 1535 224 . ‘ 0.1 


*Contaminated (yeast). : 
3Contaminated (bacteria — Gram-negative rods). 
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clarified extract was then lyophilized to a small volume, and the inorganic phos- 
phate it contained was reduced to a low level by dialysis against ice-cold distilled 
water. The ability of this preparation to release orthophosphate from a variety 
of organic phosphorus compounds was examined in an assay system that contained, 
in addition to an aliquot of the extract, sodium succinate buffer (pH 5.5, 0.025 
M), substrate to provide 20 ug phosphorus, and any other addition indicated 
in the accompanying Tables, all in a total volume of 0.5 ml. Controls with enzyme 
or substrate omitted were used and suitable corrections were made for the control 
values. The mixture was incubated 90 minutes at 25°C and then deproteinized 
by the addition of an equal volume of ice-cold 10% (w/v) TCA. The precipitated 
protein was separated by centrifugation, and the inorganic phosphorus in the 
supernatant solution determined by the method of Bruemmer and O'Dell (1956). 


RESULTS AND DISCUSSION 


The results of the storage experiment are recorded in Table I. In the sterile 
muscle, the only obvious change during storage occurred in the acid-soluble 
fraction. In 3 weeks, inorganic phosphorus increased from about 75% of the 
total phosphorus of the fraction until it accounted for 94 to 98% of the total. 
Application of analysis of variance to the results for phospholipid, RNA, and 


TABLE II. Formation of orthophosphate from 
various phosphorylated compounds by an 
aqueous extract from lingcod muscle. 


Orthophosphate* 
Substrate formed 


ug P 

Adenosine-5’-phosphate 5.6 
Adenosine-3’-phosphate 5.4 
Adenosine-2’-phosphate 5.2 
d-2-phosphoglyceric acid 6.4 
D(—)-3-phosphoglyceric acid 3.2 
B-glycerol phosphate 3.0 
Glucose-6-phosphate 8.4 
Fructose-1:6-diphosphate 3.8 
6-phosphogluconic acid 3.0 
Ribose-5-phosphate 5.2 
Inositol phosphate 4.2 
Phosphothreonine 1.8 
Phosphoserine 
Phosphoethanolamine 
Phosphocholine 

‘In 0.5 ml of reaction mixture to which 
had been added 0.2 ml of aqueous lingcod 
muscle extract containing 2 mg of protein N. 
Complete release of the phosphorus from any 
of the substrates would have resulted in the 
formation of orthophosphate equivalent to 20 
ug P. 
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DNA fractions showed that none of the differences associated with storage were 
statistically significant (P = 0.05). However, the differences between the 
individual fish in their RNA and DNA fractions were significant (P = 0.01). 
The magnitude of these differences was unexpected and no explanation of the 
finding can be advanced at present. In spite of the variability in the phospho- 
protein fraction the results are consistent in showing that the phosphoprotein 
content of the muscle was very low. 

The phosphorus-containing fractions of the muscle from fish held in ice for 
3 weeks did not differ appreciably from those of sterile flesh stored for the same 
time. 

From these findings it may be concluded that if the muscle of lingcod contains 
enzymes capable of degrading phospholipid, RNA or DNA to the extent that 
the solubility properties of the phosphorus-containing breakdown products are 
quite different from those of the undegraded compounds—and it is known that 
at least such an enzyme for RNA is present (Tarr, 1954; Tomlinson, 1958)— 
then these enzymes have no detectable effect at 0°C on the compounds as they 
occur in the intact muscle. 


The very small quantity of organically bound phosphorus (1 to 4 micro- 
moles/gram of muscle) remaining in the acid-soluble fraction of the sterile muscle 
at the end of 3 weeks’ storage suggested that enzymes capable of degrading 
most of the phosphorylated compounds known to occur in this fraction (Tarr, 
1950) were active in the muscle. That such enzymes are present in lingcod 
muscle is borne out by the data of Table II, which show that phosphorus can be 


TABLE III. Influence of MgSO,, ZnSO,, and MnSO, on the 

formation of orthophosphate from various phosphorylated 

compounds by an aqueous extract of lingcod muscle. 
(Experimental conditions as in Table IT.) 


Orthophosphate formed 
(percent of control 





Substrate without addition) 
Addition: MgSO, ZnSO, MnSO, 

Adenosine-5’-phosphate 122 47 218 
Adenosine-3’-phosphate 111 83 100 
Adenosine-2’-phosphate 110 36 117 
d-2-phosphoglyceric acid 420 236 285 
D(—)-3-phosphoglyceric acid 146 146 108 
8-glycerol phosphate 18 25 98 
Glucose-6-phosphate 118 91 118 
Fructose-1:6-diphosphate 0 83 53 
6-phosphogluconic acid 360 200 360 
Ribose-5-phosphate 133 18 126 
Inositol phosphate 225 150 225 
Phosphothreonine 137 63 112 
Phosphoserine 295 255 0 
Phosphoethanolamine 160 0 100 


Phosphocholine 178 0 100 
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released from several phosphorylated compounds known to occur in lingcod 
muscle, and also from others that have not been identified in this muscle but 
that might occur under some circumstances. The data of Table III show the 
influence of certain salts on the enzymatic activity of the muscle extract. The 
very different effects that these salts exerted, depending upon the substrate, 
indicate that several different enzymes (or enzyme systems) were present in the 
muscle extract. Further direct evidence of this has been provided by the recent 
demonstration that lingcod muscle contains at least five acid phosphomono- 
esterases (Tomlinson and Warren, 1960). 
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Reconnaissance of Kennebecasis Bay and 
the Saint John River Estuary’” 
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ABSTRACT 


A preliminary survey of the oceanographic features of Kennebecasis Bay and the Saint John 


estuarial system was carried out in 1957-58 as part of the International Passamaquoddy Fisheries 
Board Program. 


Kennebecasis Bay and Long Reach on the Saint John River are two-layer systems with a 
brackish surface layer overlying a deep saline layer. Two sills separate and restrict exchange of 
deep water in Kennebecasis Bay from that of the Bay of Fundy. The initial step in the formation 
of deep water of Kennebecasis Bay occurs in the gorge area between the two sills where saline 
water from the Bay of Fundy mixes vigorously with fresh water of the Saint John River. During 
periods of low river runoff combined with spring tides a portion of the mixed water penetrates 
inward over the sill at the entrance to Kennebecasis Bay. 


It is concluded that Kennebecasis Bay represents more extreme conditions than those 
predicted for Passamaquoddy Bay if power dams are constructed. 


INTRODUCTION 


A stupy of Kennebecasis Bay and the Saint John River estuarial system (Fig. 1) 
was initiated in May 1957 as part of the research program of the International 
Passamaquoddy Fisheries Board. The study consisted of seasonal surveys of 
the distribution of temperature and salinity, limited measurements of currents 
and dissolved oxygen concentration, and the relationship to the tides, fresh water 
discharge and bottom topography. In addition, plankton tows and fishing 
experiments were carried out to learn more about the composition, abundance, 
and distribution of species that normally inhabit these waters. Conceivably 
the Kennebecasis area is similar in physical properties to Passamaquoddy Bay 
should tidal power dams be installed in the latter, and this study, therefore, might 
provide some indication of both physical and biological characteristics imposed 
on Passamaquoddy Bay under the proposed plan. 


1Received for | publication December 29, 1959. 
*International Passamaquoddy Fisheries Board, 1956-59, Scientific Report No. 12. 
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One of the earliest records of observations in the Saint John estuarial system 
was made in 1910. In August of that year A. B. Klugh and L. W. Bailey of what 
is now the Fisheries Research Board of Canada Biological Station, St. Andrews, 
N.B., undertook a short trip to obtain data on the density and temperature of 
the water of the lower Saint John River and the Kennebecasis. The topog- 
raphy of the region suggested to them that oceanographic data would be in- 
teresting and their idea was strengthened by the fact that a collection of diatoms 
sent to Dr Bailey from the Kennebecasis was ‘‘not only extremely rich in species 
but showed a remarkable mingling of brackish and fresh water forms” (Klugh, 
1910). Temperatures and density readings taken with a hydrometer were 
recorded. However, the data available are not adequate to enable salinity to 
be computed. 

In 1916 and 1921, a number of stations were occupied in the Kennebecasis 
and Saint John River. The records available consist of temperature and salinity 
observations. Plankton tows and fishing operations were also carried out 
during the surveys. 

Hachey (1935) carried out survey work in Saint John Harbour and the 
gorge above the Reversing Falls in 1930. He studied the general physical 
features, the nature of the waters, the mixing mechanism of the Reversing Falls, 
and the influence of the estuarial waters on the waters of the Bay of Fundy. 
Hachey (1939) also investigated the relationship between the fresh water discharge 
and the salinity distribution in Saint John Harbour. This study was based on 
data collected during 1934, 1935, and 1936. 


GEOGRAPHY AND BATHYMETRY 


The Saint John River broadens considerably in its lower reaches with the 
last 20 miles averaging more than a mile in width (Fig. 1 and 2). The estuary 
of the Kennebecasis River, called Kennebecasis Bay, joins the estuary of the 
Saint John River towards its lower end and about 5 miles from its mouth. Both 
rivers debouch through a rocky gorge 500 to 1,500 feet wide, called the Reversing 
Falls, into Saint John Harbour. The estuarial portion of Kennebecasis Bay 
has an area of approximately 17 sq. nautical miles,* and a length of 15 miles. 
The width varies from } to 3 miles. In the central part of the Kennebecasis, a 
large island 4 miles long and 1 mile wide separates the bay into two channels. 

The bottom topography of the Saint John estuarial system is irregular, with 
depths varying from less than 5 m at the Reversing Falls to greater than 60 m 
in Kennebecasis Bay. Depths in Long Reach exceed 40 m. Two sills, one at 
the Reversing Falls (5 m depth) and the other at the entrance to the Kennebecasis 
(11 m depth) restrict the exchange of water below these depths. The average 
depth in Kennebecasis Bay is about 35 m. 


*1 sq. nautical mile = 3.43 km?; 1000 feet = 305 m; 1 mile = 1.61 km. 





TRITES: KENNEBECASIS BAY AND SAINT JOHN RIVER ESTUARY STUDIES 


TIDES AND FRESH WATER DISCHARGE 


The Saint John River estuary and Kennebecasis Bay, which cover a relatively 
large surface area, connect with the Bay of Fundy through a narrow gorge and over 
a shallow shelf. This passage is so restricted that only a relatively small volume 
of water can pass in and out through this passage in the course of a tidal period. 
The average water level just above the gorge is about 1 foot higher than that in 
Saint John Harbour. This difference, which is due to the outgoing flow of land 
drainage water, may be as much as 6 feet during freshet conditions. 

In Saint John Harbour, the mean tidal range is 21 feet but varies from 
14 feet at neaps to 28 feet at springs (Atlantic Coast Tide and Current Tables, 
1959). During spring tides the tidal range above the Reversing Falls is slightly 
more than 2 feet. At high water the water level in the harbour is higher than 
that above the gorge by 12 feet, and lower at low water by 14 feet. The Tide and 


Current Tables just mentioned contain the following comments about the Saint 
John River: 


“The flow through the gorge is entirely due to the differences in level on either side, the 
ingoing flow is maximum shortly before high water in the harbour, and the outgoing flow is 
maximum shortly before low water. The outgoing flow commences about 2 h. 25 m. after high 
water and ceases about 3 h. 50 m. after low water. For the period of about 30 minutes before and 
after these intervals the flow in either direction is relatively weak. The flows in either direction 
are strongest, and the turbulence greatest with the largest tides. When the river level is raised 
by freshets the outgoing flow will be increased and the ingoing flow correspondingly decreased.” 


The tide in the Saint John Harbour maintains a tidal oscillation in the 
river up as far as Fredericton, the range decreasing from about 2 feet near the 
mouth to not more than 3 foot at Fredericton. During freshets the river slope 
is increased and there is no appreciable tide at Fredericton. In Kennebecasis 
Bay, the tidal range does not exceed 1} feet. The phase lag in time of high 
water varies from 1} hr just inside the Reversing Falls to 3 hr in the Kenne- 
becasis, and 8 hr at Fredericton compared to Saint John Harbour. The cor- 
responding phase lag in low water is 2} hr at the Reversing Falls, 3 hr in the 
Kennebecasis, and 10 hr at Fredericton. 

The discharge from the Saint John River varies widely, both seasonally and 
from year to year. In general two yearly discharge peaks occur. One is in the 
autumn and is related in part to heavy autumn rains. The second, and usually 
the larger of the two, occurs in the latter half of April or first half of May, and 
is associated with the melting of snow and ice. 

The mean yearly discharge of the Saint John River is 24,300 cfs* as gauged 
at Pokiok, N.B., (Fig. 1) by the Water Resources Branch, Dept. of Northern 
Affairs and Natural Resources. This is the most seaward gauging station on the 
river. The total drainage basin of the Saint John River system is approximately 
21,500 sq. statute miles. By multiplying the Pokiok discharge by the ratio of 
total drainage basin area to drainage basin area above Pokiok, the total mean 


*1000 cfs (cubic feet per second) = 28.3 m® per second; 1 sq. statute mile = 2.59 km?, 
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Fic. 1. Location map showing Kennebecasis Bay in relation to the Saint John River and the 
Bay of Fundy. 
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annual discharge was computed to be approximately 35,000 cfs. Of this total the 
Kennebecasis system supplies less than 5%. Mean monthly discharge curves 
are shown in Fig. 3 for the Kennebecasis River and the Saint John River. 

Daily discharge curves for Pokiok during 1957 and 1958 are shown in Fig. 4. 
In 1957, the normal spring peak was stunted, while the autumn peak, although 
it did not occur until December, exceeded the spring maximum. The mean 
yearly discharge of 21,800 cfs was below normal. In 1958, the discharge was 
above normal, averaging 31,800 cfs. 
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Fic. 3. Mean monthly fresh water discharge of the Kennebecasis River and the Saint John 
River. 





OBSERVATIONS 


Four seasonal surveys of the estuarial system were carried out in 1957-58. 
The first of these, a 5-day survey commencing on May 28, 1957, consisted of 
temperature and salinity observations and plankton tows at 22 stations. Key 
stations were re-occupied to provide information on tidal variations. The 
second survey was made between August 27-29, 1957, the third from December 
2-6, 1957, and the fourth between February 24-28, 1958. During the summer, 
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Fic. 4. Fresh water discharge of the Saint John River at Pokiok, N.B., 1957 and 1958. 
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autumn, and winter surveys, dissolved oxygen concentrations were measured. 
In the autumn survey, a 12-hr series of current measurements was made at 
one location in Kennebecasis Bay. In addition exploratory fishing was carried out 
in Kennebecasis Bay and Long Reach using line trawls, drift and curtain gill 
nets, and bottom trawls on all but the winter survey. On April 10, 1958, a 
bathythermograph was lowered at two positions in the Kennebecasis from car 
ferries, and one vertical plankton haul made, in order to provide an additional 
check on the rate of replacement of the deep water. 

The National Research Council carried out a very extensive oceanographic 
survey of Saint John Harbour during the summer and autumn of 1958. Between 
September 29 and October 4, six stations, of particular relevancy to the study 
reported herein, were occupied for 13 hr each. Currents, temperatures and 
densities were taken throughout the water column. A resurvey of the area under 
freshet conditions was made by the National Research Council during April- 
May, 1959. In the period May 6-11, temperature and salinity observations 
were taken at a line of stations extending from the head of Kennebecasis Bay 
to Saint John Harbour. 


PHYSICAL PROPERTIES (TEMPERATURE, SALINITY, DISSOLVED OXYGEN) 


VERTICAL—LONGITUDINAL DISTRIBUTIONS 


SprinG (May 28-JuNE 1, 1957). A line of eleven stations from the head 
of Kennebecasis Bay to a point off Partridge Island at the entrance of Saint 
John Harbour were occupied (Fig. 2). In addition four stations were occupied 
in Long Reach, two cross-sections were taken in the Kennebecasis and three 
stations re-occupied to determine the extent of tidal variations in temperature 
and salinity. Vertical—longitudinal plots of temperature, salinity, and sigma-t 
are shown in Fig. 5. (Sigma-t (c,) is defined by the expression a, = (p-1) X 10° 
where P = density of the water.) 

Surface salinity varied on an average from less than 1% at the head of the 
Kennebecasis to about 12% in Saint John Harbour (Fig. 5). In Kennebecasis 
Bay, a strong halocline was observed at about 10 m depth. Below this, the 
salinity was nearly constant at 22.3%. In Saint John Harbour the halocline 
was less than 5 m below the surface and the bottom water exceeded 31.6%. The 
temperature distribution shows essentially the same features as that of salinity. 
The temperature of the surface layer was about 13°C in the Kennebecasis and 10°C 
in Saint John Harbour. The deep water temperature was about 4°C in the 
Kennebecasis, 7°C inside the Reversing Falls, and 5—6°C in Saint John Harbour. 

A vertical—longitudinal section extending from the head of Long Reach 
to Saint John Harbour (Fig. 6), shows temperature, salinity, and o, distribution. 
In Long Reach the distribution of properties indicated the same general features 
as in Kennebecasis Bay although there was a more extensive surface layer ol 
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lower salinity and a proportionately smaller volume of deep saline water. The 
deep water was less saline than that in Kennebecasis Bay. 

Station 10, which is just inside the Reversing Falls, was occupied near 
high water and again near low water. On the basis of temperature and salinity 
distribution it appears that tidal motion was mostly confined to the upper 20 m. 
At Sta. 3 and 6 in Kennebecasis Bay the tidal exchange appears to have been 
confined to the upper 10 m. 


SuMMER (AuGusT 27-29, 1957). The network of stations established 
for the spring survey was re-occupied. In addition to the previous characteristics 
measured, dissolved oxygen concentration was determined throughout the 
region. One anchor station for purposes of current measurements was occupied 
near the mouth of the Kennebecasis. However, a very soft mud bottom combined 
with unusually high winds made it impossible to hold the ship stationary. 

Vertical—longitudinal cross-sections of temperature, salinity, density (as o,), 
and dissolved oxygen, for the Kennebecasis and Long Reach, to Saint John 
Harbour, are shown in Fig. 7 and 8 respectively. Surface layer salinity varied 
from about 8.5% in the Kennebecasis to greater than 31% at Sta. 11. The 
surface layer was about 5 m thick. The halocline extended from 5 to 10 m. 
Below this the water was nearly uniform at 21.8%. 

The temperature distribution shows essentially the same features as the 
salinity except that the thermocline was not as sharp as the halocline. Between 
spring and summer the surface layer temperature in Kennebecasis Bay had 
increased from approximately 13 to 19°C, while the salinity had increased from 
1 to 8% (Fig. 5 and 7). The deep layer had increased in temperature from 
approximately 4.5 to 5.5°C while the salinity had decreased slightly from 22.3 
to 21.8%. In Saint John Harbour the temperature had increased from 8 to 
12°C and the surface salinity had increased from 12 to 31%. 

In Long Reach the distribution of properties indicate the same general 
features as in Kennebecasis Bay, except that on the basis of temperature, the 
deep layer was absent. The surface layer had a salinity of 5% and temperature 
of 18°C and was about 6 m thick. Near the bottom the salinity was about 
19%. Although there was a sharp halocline here, there was no corresponding 
thermocline; the temperature decreased slowly from 18°C at the surface to about 
15°C near the bottom. 

Dissolved oxygen determinations were made at most stations throughout the 
region. The water in Saint John Harbour and inside the Reversing Falls up to 
the entrance of the Kennebecasis was nearly saturated (approx. 7 ml/l). The 
surface layer in some areas of the Kennebecasis was slightly supersaturated 
(exceeded 8 ml/l). The deep layer in Kennebecasis Bay was mostly between 
50 and 75% saturated, except for the innermost portion where values dropped to 
about 40% (less than 3 ml/l). In Long Reach the bulk of the water was more than 
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75% saturated. A small pool at the bottom near the upper end varied between 
50% and 75% saturation. 

The density (¢,) plots indicate that between spring and summer the density 
of the deep layer in Kennebecasis Bay had decreased slightly from 17.8 to 17.3, 
due to slight changes in both the temperature and salinity. 

The plots for the summer survey indicate that a partial renewal of the deep 
water in Kennebecasis Bay was underway at the time of the survey. New 
water was apparently moving inward and downward along the bottom just inside 
the sill at the mouth of the Kennebecasis. This is particularly evident from the 
isopleths of temperature and dissolved oxygen, and to a lesser extent from those 
of salinity. The oc, plot shows only a slight indication that a large-scale replace- 
ment was in progress. 


AUTUMN (DECEMBER 2-6, 1957). The previously established network 
of stations was reoccupied. Ice was forming in the Saint John River at the time. 
Longitudinal sectional plots of temperature, salinity, dissolved oxygen, and «a; 
are shown for Kennebecasis Bay in Fig. 9 and for Long Reach in Fig. 10. Surface 
layer temperature in Kennebecasis Bay was approximately 2°C while in the Saint 
John River it was approximately 0°C. The deep layer in Kennebecasis Bay 
showed a remarkable difference from the summer conditions. The mean 
temperature of this layer was approximately 9°C compared to 5.5°C in August 
(Fig. 7). In the interval, salinity had increased from 21.8 to 22.3%, while the 
a, value remained nearly constant at 17.3. The dissolved oxygen concentration 
was less than 2 ml/l at one point, but for the most part concentrations were near 
3 ml/l. 

The increase in temperature between August and December could only have 
come about from a large-scale replacement of the deep water by water from 
outside the bay. Further consideration will be given to this under the section 
dealing with movement and mechanism. 

In Long Reach, the salinity of the surface layer had decreased from 4%, in 
August to less than 1%, while the deep layer in the corresponding period had 
decreased in salinity from 19 to 15%. Temperature and density of the deep layer 
had likewise decreased between August and December. Dissolved oxygen 
concentration had increased in the surface layer but decreased in the deep layer. 


WINTER (FEBRUARY 24-28, 1958). The Saint John Harbour and gorge 
area above the Reversing Falls was ice free, so that the survey work was carried 
out from a ship (Sta. 9, 10, 11). In Kennebecasis Bay and Long Reach a 12- to 
14-inch ice cover existed in most places, and observations were taken at only 
three positions in Kennebecasis Bay (Sta. 2A, 5D, 5B) and at two positions 
(Sta. 12A and 14) in the Saint John River above the mouth of Kennebecasis Bay. 
At Sta. 2A and 12A, measurements were made from car ferries that crossed at 
these points and kept a channel open. A toboggan party was used to occupy 
Sta. 5B, 5D, and 14. 
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Longitudinal sections of temperature, salinity, dissolved oxygen and «; are 
shown for Kennebecasis Bay in Fig. 11 and for Long Reach in Fig. 12. Surface 
temperatures were approximately 0°C. The surface layer was mostly colder than 
1°C and less than 5 m in thickness. The thermocline was not as sharp as those 
observed on the previous surveys, although the lower extent was at about the same 
level as previously, i.e. at 12 to 15 m depth. In the deep layer the temperature 
had decreased slightly from December to February; the bulk of it was at about 
8°C. 

The dissolved oxygen concentration pattern was essentially the same as in 
December, although values had increased substantially in the deep layer of Long 
Reach. The isopleths of dissolved oxygen in the upper part of the water column 
showed the same features as those of temperature and salinity with respect to 
delineation of the surface layer and transition zone. 

The o; values in the deep layer decreased from approximately 17.3 to 16.8 
between December and February due to the decrease in salinity. 


Apri 10, 1958. Observations were made at two positions, Sta. 2A and 7, 
by making use of the car ferries. At Sta. 2A temperature, salinity and dissolved 
oxygen concentrations were observed and a vertical plankton haul was made. 
At Sta. 7, a surface water sample was taken and a bathythermograph lowered to 
measure sub-surface temperatures. 

Surface layer temperature was approximately 3°C while that of the deep 
layer was 5.9°C. Maximum temperatures of 6.1°C were observed at about 15 m. 
The salinity of the deep layer had decreased very slightly near the bottom, but was 
unchanged from that in February (Fig. 11) at 20 m depth. Dissolved oxygen 
concentrations increased in the deep layer from 2.5 to 4.0 ml/l between February 
and April. The o; values increased slightly from 16.8 to 16.9 due to the decreased 
temperatures. 


OTHER SURVEYS. In September 1916 and in November 1921 surveys 
were made in Kennebecasis Bay. Only the temperature data from the 1916 
survey could be located. A vertical—longitudinal plot of these is shown in Fig. 
13. The particularly interesting feature is the evidence, concluded on the basis 
of previous analysis, of a large-scale replacement of the deep water that was 
underway at the time of the survey in 1916. The deep water which presumably 
had been at about 6°C was now composed of two parts. The 6°C water extended 
only to mid-depths while the temperature of water near the bottom was 12°C. 
It is unfortunate that the corresponding salinity data were not available. 

In Fig. 13 the vertical—longitudinal section of temperature, salinity, and 
a, are shown for the survey of November 17-18, 1921. The deep water temper- 
ature exceeded 10°C. Conditions appeared to be stable (i.e. negligible replace- 
ment occurring) in the region at the time of the survey. 

The vertical—longitudinal distribution of temperature, salinity, and o;, 
from the head of Kennebecasis Bay to Saint John Harbour is shown for the survey 
of May 6-11, 1959, in Fig. 14. The survey was timed to correspond to spring 
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freshet conditions. In Kennebecasis Bay, a strong halocline was centred at a 
depth of approximately 12 m. The temperature of the deep water (2.2°C) was 
the lowest observed during any of the surveys. The gorge area was almost 
entirely filled with fresh water, as evidenced by the salinity (less than 1%). It 
is to be noted however, that due to the relatively wide spacing of stations the 
distribution of properties shown between Sta. 10 and 11 may be unrealistic. 


LATERAL DISTRIBUTIONS 


The lateral distributions of properties in the Kennebecasis were observed at 
two positions (Sta. 3 and 6). In Fig. 15 the cross-sectional distributions at 
Sta. 6 are shown for temperature, salinity, and o, during the spring, summer, 
and autumn cruises. 

Lateral variations were small at all times, and significant only in the surface 
layer. The isopleths of temperature and salinity dip very gently from north to 
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Fic. 15. Cross-sectional distribution of temperature, salinity, and density (¢,) at Station 6 in 
Kennebecasis Bay in spring, summer, and autumn, 1957. 
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south across the section. However the lightest surface water was at different 


positions during each survey. 
Lateral variations at Sta. 3 show essentially the same features as at Sta. 6. 


Stations 3, 6, 10 and 11 were occupied at two phases of the tide, usually 


near high water and low water. Fluctuations in properties were observed but it 


was not apparent that these variations were due entirely to a simple tidal 
oscillation. 


MOVEMENT AND MECHANISM 


On December 4-5, 1957, current measurements were made with a Chesapeake 
Bay Institute (C.B.I.) drag at Sta. 6C in Kennebecasis Bay for a 12-hr period. 
The ship was anchored in 37 m of water. The flow was largely confined to the 
upper 30 m, although speeds in excess of 25 cm/sec were recorded at 30 m. 


Speeds 
recorded exceeded 30 cm/sec at some depths. 


An analysis of the data over a 
tidal cycle indicated a slight seaward movement of the surface layer (7 m) and 
a very much larger inflow below this depth. No records were kept as to possible 
ship motions while at anchor, since the station was occupied at night and visibility 
was poor. However, upon re-positioning the ship 12 hr later, it was evident the 
ship had dragged anchor over a short distance. If it is assumed that the current 
measurement records are valid, then by applying continuity of volume require- 
ments, it is concluded that tidal velocities at other points in the cross-section 
must have been very small. Similarly, the residual flow of the deep layer must 
have been seaward in some other portion of the section. 

On February 27, 1958, a 3-hr series of current measurements was taken at Sta. 
5B. Measurements were taken with an Ekman current meter at various depths 
down to 50m. The motion was confined to the upper 10 m of the water column. 
Below 10 m, if there was any motion, it was less than could be recorded with 
the meter. 

Current measurements were made by a National Research Council survey 
team at two locations in Kennebecasis Bay, two in the gorge of the Saint John 
River, and at two on the Saint John River above the mouth of the Kennebecasis, 
during the period September 29—October 4, 1958, (Fig. 16). Each station was 
occupied for a 13-hr period. Measurements were taken with an Ott current 
meter. 

At Sta. 69 and 70 in Kennebecasis Bay, the bulk of the motion was confined 
to the 5- to 15-m depth interval where speeds up to 27 cm/sec were recorded. 
The mean depth of the two stations was approximately 25 m. Below 15 m, the 
current was usually slight and frequently zero, although speeds up to 15 cm/sec 
were recorded for short periods. The measurements indicated that there was an 
appreciable difference in phase between the motion of the brackish surface layer 
and the deeper more saline layer. 
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Fic. 16. Location of current measurement stations occupied by the National Research Council, 
September 29—October 4, 1958. 


Each measurement at Sta. 69 and 70 was broken down into a seaward com- 
ponent and a component at right angles (positive southward). A summary of 
the mean flow at 5-foot depth intervals for the 13-hr period is shown in Table I. 
The data from the two stations were combined and the average is also shown 
in this Table. The analysis indicates a net outflow of the surface water and a 
net inflow of the deeper water. Averaged vertically, the net flow was inward at 
Sta. 69, with a mean speed of 1.5 cm/sec and outward at Sta. 70 with a similar 
speed. Both stations indicated a net cross-inlet flow toward the northern shore. 
The larger value of 2.1 cm/sec was found for Sta. 70. It is quite probable that 
this is due to the topography in the vicinity of Sta. 70. 

At Sta. 67 and 68 in the Saint John River, the flow was predominantly sea- 
ward in the upper 6 m. Speeds reached 60 cm/sec shortly before low water. 
The deeper layer, although moving at slower speeds, showed reversal of direction 
depending on the tidal phase. At Sta. 62 and 63 in the gorge speeds reached 
60 cm/sec and the flow, while seldom uniform with depth at any one time, was, 
when averaged over a tidal cycle, nearly uniform over three-quarters of the 
depth. 





= 


wn 
la 

at 
lar 


iat 
ea- 
ion 
1ed 


ras, 


the 


TRITES: KENNEBECASIS BAY AND SAINT JOHN RIVER ESTUARY STUDIES 401 


TaBLE I, Mean flow at Sta. 69 and 70 in Kennebecasis Bay as 
deduced from current measurements taken over a 13-hr period by the 
National Research Council. 

















Speed 
Sta. 69 Sta. 70 Av. of Sta. 69 and 70 
Depth Out Across Out Across Out Across 
m feet cm/sec cm/sec cm/sec cm/sec cm/sec cm/sec 
0 0 ~ — - - - - 
2 5 1.5 0 -1.2 -5.8 0.3 -3.0 
3 10 0.9 -0.6 15 -5.5 1.2 -3.0 
5 15 -0.5 —0.2 6.0 4.9 2.8 —2.8 
6 20 -0.9 -0.9 11.3 -6.4 6.2 -3.7 
8 25 -5.2 -3.0 7.6 -6.1 1:2 -4.6 
9 30 -8.2 -3.4 5.2 -2.8 -1.5 ~3.0 
il 35 -6.4 -1.5 0.6 -1.2 -3.0 25 
12 40 -2.8 0 -1.5 0 —2.1 0 
14 45 0.6 0 -2.3 0 -1.5 0 
15 50 -0.5 0.2 —2.2 0.5 -1.2 0 
17 55 0.2 0 -1.9 0.3 -0.9 0 
18 60 0.5 -0.9 -0.5 1.9 0 0.3 
20 65 1.5 -0.2 0 -2.2 0.6 -1.2 
21 70 0.9 -0.9 0 0.3 0.3 -0.3 
Mean -1.5 -0.9 Ls -2.1 0 -1.5 





The deep water in Kennebecasis Bay has a salinity of approximately 22%. 
It is a mixture of Bay of Fundy water and fresh water, and at times is similar 
in temperature and salinity characteristics to that found in the gorge above the 
Reversing Falls. The water in this area may be thought of as the ‘‘source water”’ 
for the deep layer in Kennebecasis Bay and Long Reach. For convenience, this 
gorge region above the Reversing Falls will be referred to as a ‘‘mixing bowl’’. 
Velocities are relatively high through the gorge and mixing proceeds with rapidity. 
The salinity of the water in the mixing bowl fluctuates widely and is dependent 
on the fresh water discharge and the stage of the tide. Salinities will reach a 
maximum during spring tides when the river discharge is at a minimum. 

From the observations available, it is evident that in general the replacement 
of the deep water must normally occur at a very slow rate. However on two 
occasions, when surveys were in progress, September 19-21, 1916, and August 
24-26, 1957, a fairly large-scale replacement was underway. In the 1916 survey, 
the replacement appears to have almost subsided (Fig. 13). The water below 
20 m was almost completely renewed. The water between 10 and 20 m had most 
probably been on the bottom, but was lifted by the heavier water that had moved 
inward over the sill and along the bottom. 

It is instructive to consider the fresh water discharge from the river, and the 
tidal conditions just prior to the survey. The Saint John River was not gauged 
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at Pokiok in 1916, but records are available at a point farther upstream (Van 
Buren, Maine) for the period in question, which may be taken as indicative of 
river conditions on a whole. During the month of September 1916 river discharge 
was less than 40% of the normal for that month. An inspection of the tide tables 
for Saint John Harbour indicates that the tidal range reached 26 feet on September 
12-13, a week prior to the survey. This was a maximum for the month. 

In August 1957 the replacement phenomenon appears to have just com- 
menced. This is most evident from the temperature and dissolved oxygen 
distribution, and to a lesser extent by the salinity (Fig. 7). The water pen- 
trating inward across the sill was evidently only very sightly heavier than the 
deep water already present in Kennebecasis Bay. There is evidence for believing 
that this replacement phenomenon continued, intermittently, for several davs. 
The tide tables for Saint John Harbour show that the tidal range exceeded 27 
feet from August 25 until August 28. During this period the river run-off was 
less than half the yearly mean (Fig. 3). 

It is informative to consider how rapidly replacement can occur. To do 
this it is necessary to make certain assumptions about the size of the ‘“‘mixing 
bowl’, and the probable upper limits of rate of production of source water. 

All water entering Kennebecasis Bay is confined to the upper 11 m of the 
water column. At all times there is a very extensive surface layer of relatively 
brackish water. It is probable that the deep saline water entering the bay is 
supplied predominantly from the 5- to 15-m depth zone of the mixing bowl. 
This has an approximate volume of 30 X 10° m*. From a consideration of the 
velocity measurements in the gorge it appears that tidal excursions only slightly 
exceed the length of the mixing bowl. It is concluded that 30 X 10° m® repre- 
sents a reasonable upper limit for the amount of new water that could enter 
Kennebecasis Bay on a flooding tide. 

The volumes of water below 55, 35 and 18 m in Kennebecasis Bay are 
0.1 X 10° m*, 100 X 10® m* and 1200 X 10° m® respectively. It is doubtful 
therefore, if the replacement time in days for complete replacement of water below 
55, 35 and 18 m could be less than 1, 2 and 20 days respectively. 

The available observations indicate that unless the river run-off is very small, 
the replacement of the deep water, if any, can occur only during a period of 
spring tides. 

Normally, the fresh water discharge is relatively small at two seasons of 
the year—late summer, and late winter. It is during these periods that conditions 
are most conducive to the replacement phenomenon. Even at these times, 
however, it is doubtful if replacement of the deep water in Kennebecasis Bay 
would ever be completed during a single period. 

The depth of the fresh water layer in Kennebecasis Bay is undoubtedly 
controlled by the Saint John River outflow, and the sill at the mouth of the bay, 
rather than by the fresh water discharged directly into the Kennebecasis by the 
Hammond and Kennebecasis Rivers. However, it is not known what proportion 
of fresh water in the Kennebecasis has been supplied by the Saint John River. 
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BIOLOGICAL PROPERTIES 
PLANKTON SURVEY 


MetHops. On each of the seasonal surveys, plankton tows were made 
throughout the area using a 1-m net of #0 mesh size. Tows were made either 
obliquely or vertically. An oblique tow consisted of towing for 5 min at each of 
two or three depths, i.e. 0 and 10 m, or 0, 10 and 20 m. Vertical tows were 
made by lowering the net to bottom and hauling it to the surface. 


Composition. The plankton elements collected were composed of boreal 
species in greater part and of a small percentage of neritic species. The entire 
region was practically devoid of locally produced zooplankton and most species 
were immigrants from the Bay of Fundy and Gulf of Maine. Fish larvae of 
boreal species were numerous only for the spring survey. A few benthic inverte- 
brates, both in the adult and larval forms, were also found in the plankton. 


ABUNDANCE. The displacement volumes of zooplankton organisms were 
used as a criterion for abundance. A listing of the displacement volume and the 
distribution of the plankton elements is given by areas in Table II. The 
productivity of the area, based on this analysis, was low. Only three or four 
species were found in substantial numbers. The largest plankton concentrations 
were found in February, and were made up of adult euphausiids and amphipods. 
In the spring survey (May) there was a dearth of zooplankton; plankton volumes 
were low at every station. Smelt larvae were numerous and a few groups such 
as siphonophores, arrow-worms, mysid and euphausiid larvae were caught in 
small numbers. The summer collections (August) showed an extreme paucity 
of zooplankton over the entire region. Most of the samples were filled with 
Zostera marina, the marine ‘‘eel grass’. Moderate concentrations of zooplankton 
were found in December. The plankters were on the increase since most species 
forming the plankton elements in December were the same as those found 
swarming in February. 


DISTRIBUTION. The best plankton catches were found at the mouth of the 
Saint John River. The abundance declined markedly up-river, and in the 
Kennebecasis the catches were meagre at all stations and depths. 

In the spring the fish larvae were centered around Sta. 6 (Fig. 4), the mysid 
larvae were found at the head of Kennebecasis Bay, and the siphonophores were 
distributed throughout the bay. In December, the plankton was most abundant 
at Sta. 10 (Fig. 4) just inside the Reversing Falls. Moderate concentrations 
were also taken at Sta. 6, 11, 14 and 16 (Fig. 4). Immigrants from the Gulf of 
Maine such as Pleurograchia pileus, Calanus finmarchicus, Sagitta elegans, and 
Centropages typicus had invaded the region. A few neritic species of amphipods 
and cladocerans were found in the Long Reach area. 

There was a great similarity in the distribution of species between December 
and February, but the catches were somewhat more abundant in the latter 
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month. Two plankton types, a species of coelenterate, and eggs of some unknown 
species, were found in the vertical hauls from the Kennebecasis but nowhere else. 


It is therefore assumed that these organisms inhabit the deep saline waters below 
the thermocline. 


FISHING EXPERIMENTS 


MetTHops. Fishing experiments were carried out during the spring, summer 
and autumn surveys in Kennebecasis Bay and the Long Reach area of the Saint 
John River, using a variety of fishing gear. 


1. Dutch herring trawls with a net opening of about 65 by 12 feet were towed 
on bottom at about 3 knots in depths of 16 to 24 fathoms. Tows were usually 
of one-hour duration. 


2. Line trawls with baited hooks were anchored on bottom. These were 


set in the evening, using pieces of herring as bait, and hauled the following 
morning. 


3. Drift nets with 13-inch and 23-inch stretched-mesh size were used. Two 
nets, each approximately 115 feet long and 45 feet deep, were tied together and 
allowed to drift from late evening until early morning of the following day. 


4. Curtain gill nets, 20 feet long and 40 feet deep, supported by a 6-inch- 
diameter metal float 20 feet long, were set during the day and allowed to drift 
for 2 to 4 hr. 


Altogether there were 16 fishing experiments; 6 in Long Reach and 10 in 
Kennebecasis Bay during the three cruises of May, August, and December, 1957. 
Dutch herring trawls were used a total of 8 times, drift nets 4 times, and line trawls 
and curtain gill nets twice. Only line and bottom trawls were used on the 
August survey. 


Resutts. No large quantities of any species of fish were taken at any 
time. An approximate total of 1750 tomcod (Microgadus tomcod), 1650 smelt 
(Osmerus mordax), and 1600 alewives (Pomolobus pseudoharengus) constituted 
the catch of the most common fishes. Other species included (in order of abun- 
dance) hake (Urophycis chuss), shrimp and various other crustaceans, flounder 
(Pleuronectidae), cod (Gadus callarias), herring (Clupea harengus), sturgeon 
(Acipenser sturio and A. brevirostrom), stickleback (Gasterosteidae), sculpin 
(Cottidae), skate (Raja sp.), redfish (Sebastes marinus), eel (Anguilla rostrata), 
and whitefish (Coregonus clupeaformis). Earlier records show that silversides 
(Menidia menidia), striped bass (Roccus saxatilis), and dogfish (Squalus acanthias) 
are also found in these areas. 


Sturgeon were caught more frequently and in larger numbers in the Long 
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Reach area (19 in Long Reach, 1 in Kennebecasis). Herring and cod were taken 
only in Kennebecasis Bay. The only whitefish was taken in Long Reach, and 
the 1 redfish in the Kennebecasis. All species were taken in the bottom trawls 
but only hake on the line trawls and only herring and alewives in the gill nets. 
In the gill nets, herring catches were evenly distributed from top to bottom in 
nets that were approximately 45 feet deep, and extended from the brackish 
surface layer (salinity less than 4%,) into the more saline deep layer (salinity greater 
than 20%). In all cases the bottom trawls and line trawls were set in the deep 
saline water which exceeded 15% in Long Reach, and was approximately 22%, in 
the Kennebecasis. 


DISCUSSION, SUMMARY AND CONCLUSIONS 


Both Kennebecasis Bay and Long Reach constitute a distinct two-layer 
system with a brackish surface layer 5 to 15 m thick overlying a deep saline 
body of water. The surface layer temperature and salinity follows a seasonal 
pattern varying from 0 to 20°C and 0 to 10% respectively. The salinity of the 
deep layer remains relatively constant in Kennebecasis Bay (21 to 23%), while 
it is somewhat lower and subject to more variation in Long Reach (15 to 204,). 
The temperature of the deep layer may remain relatively constant for several 
months at a time, but varies aperiodically within the range 2.5 to 12°C. The 
dissolved oxygen concentration in the surface layer is usually at or near saturation 
values. The deep layer values in Kennebecasis Bay vary from approximately 
30 to 50% saturation. Evidentally there is a high oxygen demand in this layer, 
or a relatively sluggish circulation, or a combination of both. 

The field work was undertaken in 1957 and 1958 in Kennebecasis Bay and the 
Saint John estuarial system, since it was conceivable that the physical and 
biological conditions in Kennebecasis Bay are similar to those that might reason- 
ably be expected in Passamaquoddy Bay in the event that power dams may be 
installed across the mouth of the latter. Table III has been drawn up in order 
to facilitate a ready comparison of the approximate features of the two areas. 
The three columns of this Table compare and contrast Kennebecasis Bay with 
Passamaquoddy Bay as it is at present, and with the latter if dammed across 
its mouth. The items in the upper part of the Table represent the major factors 
that control the resultant distribution of temperature and salinity. The observed 
salinity and temperature for the two regions are listed in the lower part of the 
Table. 

It is readily apparent that there is a degree of similarity between Kennebecasis 
Bay and Passamaquoddy Bay if dammed. However, there is one factor that is 
strikingly different for the two situations. In Passamaquoddy Bay virtually 
all of the fresh water entering the system comes from the head of the bay. In 
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TaBLeE III. Comparison of oceanographic features in Kennebecasis Bay with 
those in Passamaquoddy Bay. 


Kennebecasis Passamaquoddy Passamaquoddy 








ay (present) (if dammed) 

Surface area (square miles) 17 71 71 
Tidal range (feet) 2 13-26 3-5 
Mean depth (feet) 100-110 100-110 100-110 
Fresh water discharge 

Head (cu. feet/sec) 1500 4000 4000 

Mouth (cu. feet/sec) 33000 0 0 
Entrance sill depth (feet) 18, 36 160 40 
Surface salinity 

Inside (% ) 1-10 20 ~ 

Outside (%) 10-30 26 - 
Bottom salinity 

Inside (%o) 21-23 28-31 - 

Outside (%,) 31-33 31-33 - 
Surface temperature 

Inside (°C) 0-20 0-14 - 

Outside (°C) 1-13 1-12 - 
Bottom temperature 

Inside (°C) 4-12 - 


Outside (°C) 





Kennebecasis Bay, while the fresh water discharged into it at or near the head 
is relatively only slightly larger than the corresponding discharge into Passama- 
quoddy Bay, the mouth of the Kennebecasis joins with the Saint John River, 
which has an average annual discharge of approximately 33,000 cfs. There is 
considerable evidence that this larger source of fresh water at the mouth of 
Kennebecasis Bay, combined with the sill at its entrance, controls in large measure 
the thickness of the brackish layer in the bay and influences the salinity distribut- 
ion within the brackish surface layer. 

The two sills separating the deep water in Kennebecasis Bay from that of the 
Bay of Fundy markedly restrict the exchange or rate of renewal of the deep 
water in the Kennebecasis. This deep water is produced in the gorge area 
between the two sills where saline water penetrating inward from Saint John 
Harbour over an 18-foot sill mixes vigorously with fresh water of the Saint John 
River. The salinity of this mixture is therefore less than that of the Bay of 
Fundy. This mixed water which penetrates only intermittently inward over the 
entrance sill to the Kennebecasis is again reduced in salinity due to further 
mixing with Saint John River water, with the result that the salinity of the deep 
layer in Kennebecasis Bay is lower by nearly 10% than that of the Bay of Fundy. 

Under the conditions of Passamaquoddy Bay if dammed, there would be just 
one sill and, compared to the Kennebecasis, virtually no fresh water source 
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outside the filling gates. It is concluded, therefore, that the distribution of 
properties found in Kennebecasis Bay represents more extreme conditions than 


would be encountered in Passamaquoddy Bay in the event that power dams are 
installed. 
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A Qualitative and Quantitative Study of the Plankton 
of the Quoddy Region in 1957 and 1958 with Special 
Reference to the Food of the Herring’* 
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ABSTRACT 


Investigations of the composition, abundance, and distribution of plankton communities 
within the Passamaquoddy region of New Brunswick and Maine were carried out in 1957 and 
1958. Studies of the food of herring and possible relationships between zooplankton abundance, 
feeding activity, fat content, and catches of herring were included in the program. Similar 
quantities of zooplankton were found outside Passamaquoddy Bay and in Cobscook Bay. Slightly 
smaller volumes were taken in the passages into the Bay, but only one-fifth as much was taken 
in samples inside Passamaquoddy Bay. Differences in zooplankton abundance suggest incomplete 
mixing of outside waters with those of Passamaquoddy Bay. The smallest volumes of zooplankton 


were taken in the spring and the largest in the summer months. Overall zooplankton volumes 
were much higher in 1958 than in 1957. 


There was evidence that herring were feeding in the upper water layers. A period of low 
feeding activity from March to August was followed by a period of active feeding from September 
to November. There was a positive correlation between feeding activity and fat content of 
herring but no relationship between quantities of zooplankton and feeding activity could be 


established. Nor was it possible to demonstrate any relationship between zooplankton volumes 
and catches of herring over a period of 10 years. 


Higher zooplankton volumes are foreseen for Passamaquoddy Bay after the dams are built. 


Volumes in Cobscook Bay are expected to reach values similar to those of Passamaquoddy Bay 
while those outside should remain unchanged. 


INTRODUCTION 


ALTHOUGH MOST STUDIES of plankton in the Passamaquoddy area have been 
part of larger projects that involved the Bay of Fundy and the Gulf of Maine, 
a substantial body of information is available concerning the planktonic types 
and herring food in both Passamaquoddy Bay and adjacent areas. 

Moore (1898) made notes on the food available to the herring in the vicinity 
of Passamaquoddy Bay. Willey (1913, 1915) studied various planktonic forms 
in Passamaquoddy Bay and McMurrich (1915) reported on winter plankton 
collections from St. Andrews Bay. Davidson (1934) reported on the abundance 
of planktonic diatoms in the Passamaquoddy area. Bigelow (1926) made an 
extensive study of the plankton of the Gulf of Maine. Huntsman (1917, 1919, 
1931, 1933, 1934, 1952, 1953, 1955) contributed much to the knowledge of the 
hydrography, the plankton and the herring problems in the Passamaquoddy 
area in a number of scientific reports over the past 40 years. Battle (1934) 
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reported on the clearing time (rate of digestion) for ‘‘sardine’’ herring in Passama- 
quoddy Bay, and Battle et al. (1936) studied the fatness of herring in different 
parts of the Passamaquoddy area and the types and quantities of food organisms 
present in herring stomachs. Stevenson (1933) investigated the vertical 
distribution of 4 species of plankton in the St. Croix River estuary. Jermolajev 
(1958) studied the zooplankton in the inner Bay of Fundy. 

Studies of the hydrography of Passamaquoddy Bay and vicinity were made 
by Vachon (1918) and of the Bay of Fundy by Bailey (1957), Hachey and Hunts- 
man (1933), Hachey (1952, 1956), and Watson (1936). 

A major investigation of plankton in the Passamaquoddy area was carried 
out by the International Passamaquoddy Fisheries Commission in 1931 and 1932. 
As part of this investigation, Fish and Johnson (1937) made an extensive study 
of the zooplankton in the Bay of Fundy with particular attention to Passama- 
quoddy Bay and its passages. Gran and Braarud (1935) investigated the phyto- 
plankton of the Bay of Fundy. 

Johnson (1942) studied the effect of light on copepods as food for Passama- 
quoddy herring. Leim (1958) studied the fatness of herring in the Bay of Fundy 
and found values for herring from Campobello similar to those reported by 
Battle et al. (1936). Leim (1956) listed and reviewed various papers published 
on Bay of Fundy herring. Chiasson (unpublished data) made a study of the 
food of ‘‘sardines’’ in Passamaquoddy Bay in 1955. 

In 1956 the Fisheries Research Board of Canada and the United States 
Bureau of Commercial Fisheries began a joint investigation of the plankton in 
offshore areas of the Bay of Fundy and the Gulf of Maine. This investigation 
provided information on the distribution and abundance of herring larvae (Tibbo 
et al., 1958). 

The present paper is a report on the composition, abundance, and distribution 
of the plankton communities within the Quoddy Region. The Quoddy Region 
encompasses Passamaquoddy Bay, Cobscook Bay, the passages, and outside 
Passamaquoddy inside a line from West Quoddy Head, Maine, to the northern 
tip of Grand Manan, N.B., and thence to Point Lepreau, N.B. Results of studies 
of the food and feeding habits of herring and relationships between the abundance 
of zooplankton and fat content, feeding activity, and catches of ‘‘sardine’’ herring 
are included. 


MATERIALS AND METHODS 


Materials and methods used in the investigation are shown in Table I. 
Quoppy Project (QP) Cruises (Table 1) 


From January 1957 to December 1958, 14 stations in the Quoddy Region 
were occupied regularly (Fig. 1). Forty-three Quoddy project (QP) cruises 
were made, one a month during the winter months and two a month through 
the remainder of the year, except in August 1957 and May and October 1958 
when three cruises were made. 

Oblique plankton tows at 20-10—-0 m were made with a 1-metre (diameter) 
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nylon net of #0 mesh (12 to 15 meshes per cm). The net was towed at a slow 
speed for 5 minutes at each level. All QP cruises were made in the daytime. 
The vessel Betty Lou IV was chartered for most of the cruises, and the Mercury 
and Mallotus were used for the remainder. 


PRINCE 5 AND 6 Cruises (Table I) 


Tows from Prince stations 5 and 6 (see Fig. 1 for these stations, renamed 
OP 2 and 8) have been carried out regularly by the Fisheries Research Board 
of Canada’s Biological Station, St. Andrews, N.B., for more than 30 years. 


Analysis of the plankton from these stations for the years 1937 to 1959 (April) 
was made. 


Quoppy PassaGes Cruises (Table I) 


Fifteen exploratory cruises were made in October and November 1958, 
during the day and at night, in and close to the passages to Passamaquoddy 
Bay, to study the vertical distribution of zooplankton. Oblique tows were made 
for 15 minutes at 0, 20, 50, 75 and 100 m. 


EXPLORATORY CrRuISES (Table I) 


Exploratory tows were made in and close to the passages to Passamaquoddy 
Bay to catch herring larvae. On 6 occasions, a 1-metre net was towed for 5 
minutes at each 10-metre level between the bottom and surface. Also 4 or 5 
nets 12 inches in diameter were towed simultaneously at different levels. After 


sampling several depths with the small nets, 1-metre closing nets were towed at 
the same depths. 


J. J. Cowie Cruises (Table I) 


During the latter part of March 1958, a total of 46 oblique plankton tows 
were made with a 1-metre net at 20—-10—0 m around Grand Manan, in the entrance 
to the Bay of Fundy, and in St. Mary Bay (Fig. 2). 


LurcHER CrulIseEs (Table I) 


From mid-April to the end of December 1958, the crew of the Lurcher Light- 
ship (location Lat. 43°48’30”N, Long. 66°31'45”W) assisted in collecting plankton 
samples. Two plankton collections were made on the same day each week, 
one in daylight, the other at night. Samples were from the surface while the 
ship was at anchor on the Lurcher Shoals, off Yarmouth, N.S., and were made 
with a 1-metre net at half-tide, either ebb or flood. 


EXAMINATION OF TOws 


After each tow, the plankton was washed down with salt water into pint 
sealers, preserved in 5% formalin and examined in the laboratory. 


ZOOPLANKTON. Both qualitative and quantitative analyses were made 
of the zooplankton. A square glass dish placed on a black paper marked out in 
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Stations occupied during the Quoddy project (QP) cruises in 1957 and 1958. 
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BAY OF FUNDY 


ST. MARY'S BAY 


NOVA SCOTIA 





Fic. 2. Stations occupied during the M.V. J. J. Cowie cruises, March 1958. 
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100 1-inch squares was used to examine the entire sample. Fish larvae were 
removed first, identified, measured, and preserved for further study. Various 
forms of medusae, siphonophore fragments, ctenophores and salps, considered 
to be non-food items, were removed and their displaced volumes recorded. The 
displaced volumes of the remainder which was considered to be herring food, 
were measured and recorded. 

The zooplankton was identified to species and counted. The total number 
of copepods in each sample was estimated and the percentage abundance of 
each species recorded. 


PHYTOPLANKTON. Occurrence of phytoplankton was noted and quantities 
estimated. Identification of the dominant species was made with a special 
plankton microscope. Glass chambers of a known volume were filled with an 
aliquot of the sample, and the field scanned under magnification. Percentage 
abundance, by numbers, of the dominant species was recorded. 


EXAMINATION OF HERRING STOMACHS 


Seventeen samples of about 100 herring each were obtained from weirs in 
Passamaquoddy Bay and vicinity (Fig. 3) for stomach analysis, from March 
to November 1958. A total of 1,696 herring stomachs were examined. The fish 
were slit ventrally immediately after capture and strong formalin poured into 
the abdominal cavity to arrest digestion. Stomachs were removed the same 
day and contents analysed under a binocular microscope. The incidence of 
various organisms were recorded, and displaced volumes measured for each sample. 
Mean total lengths of the herring were recorded for each sample. 


ABUNDANCE AND DISTRIBUTION OF ZOOPLANKTON 


INTRODUCTION AND DESCRIPTION OF ECOLOGICAL GROUPS 


The 14 stations selected for the Quoddy project (QP) cruises are distributed 
in waters that are slightly different in physical and chemical properties and as 
such have different plankton communities. Stations outside Passamaquoddy 
differ in their environmental conditions from those inside the Bay, in the passages 
and in Cobscook Bay (Forgeron, 1959). Stations 1, 2 and 14 were chosen to 
represent conditions outside Passamaquoddy; stations 3, 4, 12 and 13 represented 
those in the passages; stations 10 and 11 represented Cobscook Bay; and stations 
5, 6, 7, 8 and 9 represented Passamaquoddy Bay (Fig. 1). 

The zooplankton from the QP cruises was divided into 5 ecological groups: 
boreal, neritic, benthic, northern and southern. Table II shows the seasonal 
importance of these groups in each of the 4 divisions of the Quoddy Region 
described above, and the relative abundance of all the zooplankton taken in the 
QP cruises. 

Of the boreal species, 3 copepods were abundant, Calanus finmarchicus, Pseudo- 
calanus minutus and Centropages typicus. Occurring in much smaller numbers 
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but also important were the copepods Metridia lucens and Temora longicornis, 
the euphausiids Meganyctiphanes and Thysanoessa, the chaetognath Sagitta 
elegans and the mollusc Limacina retroversa. 

A total of 12 plankters are listed as neritic, but only 3 were abundant, the 
copepods Tortanus discaudatus, Acartia clausi and Eurytemora herdmani. Also 
common were the coelenterate Aurelia aurita and the cladocerans Evadne nord- 
manni and Podon leuckarti. 

Benthic species, especially their larvae, played an important part in the 
zooplankton community. Large numbers of crab, mussel and barnacle larvae 
made up a high percentage of the zooplankton catch during their breeding 
seasons. Harpacticoid copepods, represented by 16 species, occurred in small 
numbers especially during the spring and summer and the trochophore larvae 
of various annelids were found in fair numbers in all seasons. 

Twelve species of northern and southern ocean migrants were represented 
by only a few specimens. Southern migrants were always scarce in the QP 
cruises although Salpa fusiformis reached large concentrations in the winter 
zooplankton in St. Mary Bay, N.S. Among the northern migrants, the copepods 
Metridia longa and Calanus hyperboreus were found quite commonly at 100 m 
during the exploratory cruises of October and November 1958 in and near the 
passages. Other northern species were always scarce. 


SEASONAL AND REGIONAL VARIATION IN NUMBERS 


SEASONAL CHANGES. The relative abundance of the numbers of zooplankters 
in the Quoddy Region (QP cruises) fluctuated widely from season to season. 
Zooplankton as a whole was most abundant in summer (63%), decreasing through 
autumn (20%) and winter (11%) to a minimum in the spring (6%) (Table V 
below). 

Table III shows the seasonal variations of individual zooplankters. Barnacle 
nauplii, Limacina retroversa and harpacticoid copepods were most abundant in 
the spring (March, April, May). Twenty of the zooplankters were most 
abundant in the summer (June, July, August), including Eurytemora herdmani, 
cladocerans, euphausiid eggs and Pseudocalanus minutus. Centropages typicus, 
Aurelia aurita, Caligus rapax, Euthemisto compressa, mussel larvae, Temora 
longicornis, trochophore larvae and cumaceans were most abundant in the autumn 
(September, October, November). Aglantha digitale, Stephanomia cara and 
Tomopteris catherina were most abundant in the winter (December, January, 
February). 

Most of the zooplankters were found at all seasons throughout the Quoddy 
Region (Table III). Some were abundant for one season only and were rare or 
disappeared in other seasons. Euphausiid eggs made up 66% of the number 
of organisms taken outside the Bay in summer (Table II). In autumn 82% 
of the zooplankters were Centropages typicus, and in winter 65% were Calanus 
finmarchicus. In the passsages Pseudocalanus minutus accounted for 51% of 
the zooplankters in summer, while in autumn and winter Calanus finmarchicus 
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TABLE III. Seasonal variation in numbers of zooplankters in the Quoddy Region. 
(Data for 1957 and 1958 combined; figures are percentages of the total occurrence 
of the species, each season being given equal weight.) 








Form Spring Summer Autumn Winter 
Acartia claust 13.59 69.62 14.99 1.79 
Aglantha digitale 23.61 7.36 17.21 51.83 
Aurelia aurita 7.30 19.79 72.71 0.18 
Balanus balanoides nauplii 75.96 24.03 Sale ins 
Calanus finmarchicus 2.86 48.34 23.03 25.76 
Caligus rapax 2.46 27.06 70.50 eat 
Crab zoea 11:22 85.84 2.90 0.03 
Cladocerans (Podon, Evadne) 1.53 95.57 2.91 es 
Centropages typicus 0.33 4.40 91.03 4.25 
Clione limacina 15.10 43.45 2.02 39.42 
Diastylis spp. 32.63 18.62 38.20 10.56 
Euchaeta norvegica 6.86 51.98 9.16 32.00 
Euphausiids 20.97 59.42 15.31 4.28 
Euphausiid eggs 5.48 94.52 tes 
Eurytemora herdmant 2.16 95.02 2.81 ae 
Euthemisto compressa 9.33 28.16 57.98 4.51 
Fritillaria and Oikopleura 8.70 73.91 as 17.40 
Harpacticoids 60.38 10.12 20.97 8.54 
Hydroids (floating) 12.74 47.55 29.90 9.80 
Limacina retroversa 79.77 14.24 4.76 1.22 
Metridia lucens 20.02 35.60 12.48 31.91 
Mytilus edulis (larvae) 13.89 23.14 62.96 
Nereid larvae (trochophores) 2.21 46.03 51.77 tials 
Nereis virens 36.95 46.77 14.55 1.76 
Oithona similis F 2.82 59.32 34.18 3.67 
Pisces (larvae) 25.56 70.61 0.87 3.01 
Pisces (eggs) 32.31 56.03 11.01 0.66 
Pleurobrachia pileus 1.19 89.66 6.94 2.21 
Pseudocalanus minutus 8.42 91.17 0.25 0.15 
Sagitta elegans 12.06 52.41 13.56 21.96 
Stephanomia cara 25.91 24.78 2.38 46.94 
Temora longicornis 0.38 44.35 55.18 0.09 
Tomopteris catherina 14.90 9.83 4.00 71.27 


Tortanus discaudatus 3.738 71.74 23.21 1.30 


made up 56% and 84% respectively. In Cobscook Bay zooplankton was 51% 
Pseudocalanus minutus by number, in spring and summer, 70% and 88% Calanus 
finmarchicus in autumn and winter respectively. In Passamaquoddy Bay 80% 
of the winter plankton was Calanus finmarchicus. Tortanus discaudatus was 
the most important form in the autumn (45%) and summer (30%). Pseudocalanus 
minutus was abundant both in the summer (19%) and in the spring (20%). 


REGIONAL DIFFERENCES. Variation in the numbers of individual zoo- 
plankters in the 4 parts of the Quoddy Region (QP cruises) is shown in Table 
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IV. In total, zooplankters were most numerous in Cobscook Bay (33%), outside 
Passamaquoddy (32%) and in the passages (28%), and were much less numerous 
inside Passamaquoddy Bay (7%). All species varied in abundance in the 4 
areas. In Passamaquoddy Bay, boreal and ocean migrant species seldom reached 
large concentrations. A few neritic and benthic species were abundant but never 
reached concentrations comparable to the abundant species found in the Gulf 
of Maine by Bigelow (1926). 


TABLE IV. Variation in relative density of zooplankters, by number, in the 4 
parts of the Quoddy Region. (Data for 1957 and 1958 combined; figures are per- 
centages of the sum of the average yearly densities for the 4 areas.) 











Passama- Cobscook 

Form quoddy Bay Bay Passages Outside 
Acartia claust 36.18 18.65 32.98 12.18 
Aglantha digitale 9.20 28.67 25.81 36.33 
Aurelia aurita 11.08 14.86 19.54 54.50 
Balanus balanoides nauplii 28.03 25.38 29.50 17.08 
Calanus finmarchicus 4.78 44.24 36.26 14.71 
Caligus rapax 50.82 14.76 18.04 16.40 
Crab zoea 23.52 46.74 13.83 15.90 
Cladocerans (Podon, Evadne) 17.60 te 6.74 75.67 
Centropages typicus 4.49 11.03 23.77 60.72 
Clione limacina 1.21 37.89 20.47 40.42 
Diastylis spp. 10.75 56.63 32.63 _ 
Euchaeta norvegica 3.21 67.51 27.16 2.12 
Euphausiids 34.75 26.33 23.47 15.43 
Euphausiid eggs ae a Sais 100.00 
Eurytemora herdmant 21.66 32.25 23.82 22.26 
Euthemisto compressa 32.52 28.92 9.63 28.91 
Fritillaria and Oikopleura 78.27 aa 21.74 cea 
Harpacticoids 14.88 46.80 30.15 8.18 
Hydroids (floating) 11.27 40.68 39.71 8.33 
Limacina retroversa 10.25 12.21 14.04 63.49 
Metridia lucens 3.74 41.49 48.89 5.89 
Mytilus edulis (larvae) 14.81 24.07 52.78 8.33 
Nereid larvae (trochophores) 23.84 16.56 43.05 16.56 
Nereis virens 24.75 45.22 27.32 2.74 
Oithona similis nate 24.76 2.82 72.31 
Pisces (larvae) 26.78 37.12 26.81 9.34 
Pisces (eggs) 29.45 3.57 18.07 48.92 
Pleurobrachia pileus 17.32 50.71 21.36 10.61 
Pseudocalanus minutus 3.55 49.03 39.05 8.36 
Sagitta elegans 8.70 35.78 24.68 30.83 
Stephanomia cara 2.61 7.63 13.10 76.67 
Temora longicornis 17.43 12.02 27.02 43.53 
Tomopteris catherina 5.28 56.73 23.65 14.34 
Tortanus discaudatus 48.37 17.19 11.74 22.68 


All species 7 33 28 32 
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Bigelow (1926) too, found that zooplankton volumes in the Bay of Fundy 
were smaller than those in the Gulf of Maine. Fish and Johnson (1937) reported 
smaller zooplankton volumes in the Bay of Fundy than in the Gulf of Maine and 
still smaller volumes inside Passamaquoddy Bay. 


TABLE V. Seasonal variation in the numbers of zooplankters in the 4 parts of the 
Quoddy Region and in the Region as a whole. (Data for 1957 and 1958 combined; 
figures are percentages of the yearly total zooplankton for each area.) 





Whole 





Passamaquoddy Cobscook Quoddy 

Season Bay Bay Passages Outside Region 
Spring 10 6 6 6 6 
Summer 56 63 59 67 63 
Autumn 19 14 24 23 20 


Winter 15 17 11 4 11 


SEASONAL DIFFERENCES BY REGIONS. Table V shows the seasonal variation 
in the number of all species of zooplankters, by areas. Passamaquoddy Bay 
had the least seasonal variation, and the outside area the greatest. Seasonal 
trends were similar in all 4 parts of the Region. 


TaBLe VI. Area variation in the numbers of zooplankters in each 

season for the Quoddy Region. (Data for 1957 and 1958 combined; 

figures are percentages of the average density of zooplankton in the 
4 areas for each season.) 








Area _ Spring Summer Autumn Winter 
Passamaquoddy Bay ° 12 6 6 9 
Cobscook Bay 30 33 23 51 
Passages 29 26 34 27 


Outside 29 35 37 13 


Table VI shows the area variation in number of all species of zooplankters, 
by seasons. The smaller density of plankton in Passamaquoddy Bay is pro- 
nounced at all seasons, but is greatest in summer and autumn. The other 3 areas 
differ much less, but the outside area is rather poor in winter zooplankters. 


MONTHLY AND ANNUAL VARIATION IN VOLUME OF ZOOPLANKTON 


Monthly volumes of zooplankton taken in the 4 areas of the Quoddy Region 
in 1957 and 1958 are shown in Fig. 4. There were striking variations in zoo- 
plankton volumes from month to month, for the same month from year to year, 
and from one locality to another. The greatest difference was observed in 
Cobscook Bay where zooplankton volumes were 6 times higher in January 1958 
than in January 1957. This was due to large pulses of juvenile Calanus fin- 
marchicus and to adult Sagitta elegans, euphausiids, and Tomopteris catherina. 
Temperatures in January 1958 were 2-3°C above those of the previous year 
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Fic. 4. Distribution of zooplankton volumes, January to December 1957 and 1958, 
outside Passamaquoddy, in the passages, in Cobscook Bay and in Passamaquoddy Bay. 
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(Forgeron, 1959). In the outside area, volumes in January 1957 were twice as 
great as in January 1958 because of a pulse of adult Sagitia elegans. In the 
passages, catches in January 1958 were twice those in January 1957 due to larger 
concentrations of Calanus finmarchicus and Euchaeta norvegica. Zooplankton 
volumes in all parts of the Quoddy Region decreased in February and were small 
in March and April of both years. In February and March, 1957 and 1958, 
the smallest volumes were found outside. Somewhat higher volumes were 
taken in the three other areas. No great differences were found between catches 
in April and May of the two years in each area. Temperatures also coincided 
in the two years (Forgeron, 1959). In late April volumes increased and were 
quite pronounced in June 1957 in Cobscook Bay when annelids were breeding, 
and in June 1958 in the passages when Calanus finmarchicus and Pseudocalanus 
minutus were very abundant. Outside, in the passages, and in Cobscook Bay, 
zooplankton volumes in July 1958 were exceedingly high by comparison with 
those of July 1957. In July 1958 temperatures were slightly higher than those 
of the previous year (Forgeron, 1959). A great abundance of coelenterates in 
1957 apparently prevented the summer bloom. Volumes in July 1958 were 5 
times greater than in June of that year and the most zooplankton was found 
in Cobscook Bay. Volumes were much greater inside the Bay in July 1958 than 
in July 1957. More than 20 species were responsible for the bloom. Outside, 
in August 1957, zooplankton volumes showed an increase over July. The 
increase was due to the appearance of large numbers of adult euphausiids. The 
occurrence of adult euphausiids in large numbers was not observed in August 
1958. Zooplankton volumes showed a marked decline in August 1958 in the 
passages, outside, and inside Passamaquoddy Bay, when extensive schools of 
jellyfish appeared over the whole region. In Cobscook Bay volumes of zoo- 
plankton were still very high in August 1958. In Cobscook Bay Calanus fin- 
marchicus was even more abundant in August than in July. In September 1957 
zooplankton volumes were on the increase in the passages, Cobscook, and inside 
Passamaquoddy Bay, but not outside. The increase was again due to large 
numbers of Calanus finmarchicus. In September 1958 zooplankton was on the 
decline in all areas. The greatest zooplankton volumes in 1957 were found in 
October and were due to a bloom of Centropages typicus. Volumes were great 
outside and in Cobscook Bay and still greater in the passages. Zooplankton 
was on the decline inside. In October 1958 the number of Centropages 
typicus was much smaller than in 1957 and volumes instead of being on the 
increase were still on the decline. From September to December temperatures 
were lower in 1958 than in 1957 (Forgeron, 1959). In November 1957 a sharp 
decline in zooplankton abundance occurred, while in November 1958 the autumn 
bloom started to show in the passages and in Cobscook Bay. Calanus finmarchicus 
and Centropages typicus were then mainly responsible for the bloom. In December 
1957 zooplankton volumes were small over the whole Quoddy Region. In 
December 1958 volumes were very much greater than in 1957. Stocks of Calanus 
finmarchicus, Euchaeta norvegica, Metridia lucens and Sagitta elegans were abundant 
in that month. 
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VERTICAL DISTRIBUTION 


DIURNAL VARIATION. Fifteen special cruises were made in and around the 
passages to study the depth distribution of zooplankton (Table I). Tows were 
made during day and night at 0, 20, 50, 75 and 100 m with a 12-inch No. 5 plankton 
net and at the same depths with a 1-metre closing plankton net. The day tows 
made with the 12-inch net showed much larger zooplankton concentrations at 
75 and 100 m than at 0, 20 and 50 m. The night tows made with the same net 
showed much larger volumes in the upper 20 m than at 50, 75 and 100 m (Fig. 
5A). The day tows made with a 1-metre closing net showed small concentrations 
in the upper 75 m and much larger volumes at 100 m. The night tows showed 
more zooplankton near the surface than at other depths (Fig. 5B). In general, 


Fic. 5. Vertical distribution of zooplankton, day and night. A. Volumes 
taken with 12-inch nets; B. Volumes taken with 1-metre closing nets. 
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zooplankton organisms were more abundant in the deeper levels in the daytime 
and more abundant in the upper levels at night. Stevenson (1933) reporting 
on vertical distribution of 4 zooplankters found that 3 out of the 4 species tended 
to rise to higher levels in the water at night and to descend out of the range of 
strong sunlight during the day. 


DEPTH DISTRIBUTION BY SPECIES. The depth distribution of 6 kinds of 
zooplankton (copepods, euphausiids, crab zoea, Sagitta, amphipods and herring 
larvae) was studied in and around the passages from combined day and night 
tows. Figure 6 shows the depth distribution, by numbers, of 14 copepod species. 
Mean numbers of copepods per tow were plotted for males, females and juveniles. 
Greatest numbers of Calanus finmarchicus (males, females, juveniles) were taken 
at 100 m although quantities were found at all depths. Pseudocalanus, more than 
98% females, were mainly centered in the deep water layers but abundant at all 
depths. The males and juveniles were scarce in October and November 1958 
and only found in the upper layers (0-20 m). Centropages typicus (males, 
females, juveniles) were uniformly distributed throughout the water mass. 
Some copepod species were abundant in the upper water layers only, while others 
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Fic. 6. Vertical distribution of 14 copepod species; males, females and juveniles. 
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were most abundant at 50-100 m. Species that were most abundant in the 
upper layers included Temora longicornis (females), Acartia clausi (females), 
Tortanus discaudatus (males, females, juveniles), Oithona similis (males, females), 
Metridia longa (females) and Candacia armata (males). The species that were 
most abundant in the deeper layers included Metridia lucens (males, females), 
Calanus hyperboreus (males, females), Metridia longa (males), Scolecithricella 
minor (females) and Euchaeta norvegica (males, females, juveniles). 
The depth distribution of 5 other zooplankters is shown in Fig. 7. Euphausiids, 
crab zoea and amphipods were found in greater numbers in the upper 20 m, but 
were also found at all depths. Sagitta elegans was abundant at all depths but 


much more so at 100 m. A few herring larvae were found at 0, 20, 50, 75 and 
100 m. 
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Fic. 7. Vertical distribution of euphausiids, crab zoea, Sagitta, amphipods and 
herring larvae. 


ANNUAL MONTHLY AND REGIONAL ABUNDANCE OF SIX DOMINANT COPEPOD 
SPECIES 


Six species accounted for 94% of the total number of copepods caught in the 
Quoddy plankton cruises (Fig. 8). They were Calanus finmarchicus (42%), 
Pseudocalanus minutus (28%), Centropages typicus (14%), Tortanus discaudatus 
(6%), Acartia clausi (2%) and Eurytemora herdmani (2%). The first 3 species 
(Calanus, Pseudocalanus and Centropages) were immigrants to the Region, 
being bred in the Gulf of Maine (Fish and Johnson, 1937), and made up 84% 
of the catch. The remaining species (Tortanus, Acartia and Eurytemora) were 
endemic to the Bay and made up only 10% of the catch. 
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Fic. 8. Percentages, by numbers, of the 8 dominant copepod species found in the Quoddy 
Region in 1957 and 1958 combined. 


Of the total number of copepods of all species taken in both years, 22% were 
taken in 1957 and 78% in 1958. Table VII shows that there were wide differences 
in the annual abundance of each of the 6 dominant species of copepods. Six 
times as many Calanus and 20 times as many Pseudocalanus were caught per 
tow in 1958 as in 1957. The 1957 collections had more than 3 times as many 
Centropages as those of 1958. Catch per tow of Tortanus was 5 times greater in 
1958 than in 1957. More than twice as many Acartia were found in 1958 as 
in 1957 and the catches of Eurytemora in 1957 were less than a third of those in 
1958. 

The monthly variations in abundance of the 6 dominant copepod species in 
1957 and 1958 are shown in Table VII and Fig. 9. 

The population of Calanus in both years was at a minimum in March, April 
and May. In 1957 the catch was larger in the autumn and winter months than 
in the spring and summer months. Peaks of abundance were reached in October 
and January. In 1958 Calanus reached its maximum abundance in July and 
catches were high in autumn and winter (Fig. 9 A, B). Calanus accounted for 
over 42% of the total number of copepods taken. This compares favourably 
with Fish and Johnson’s (1937) values of 39.9% for the Bay of Fundy. In 
1957 Pseudocalanus was taken in abundance in May, June and July, while in 
1958 it was abundant only in July, and catches were much smaller in April, May 


and June (Fig. 9 C, D). 
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TasBLe VII. Monthly and annual abundance of the 6 dominant copepods taken in the 
Quoddy Region (QP cruises) in 1957 and 1958. 


Average numbers per tow 





Pseudo- Centro- Eury- 
Calanus calanus pages Tortanus Acartia temora 


Month 1957 1958 1957 1958 


1957 1958 1957 1958 1957 1958 1957 1958 





Jan. 3,139 14,717 18 7 194 340 5 ie 49 

Feb. 595 2,768 1 6 7 Bee 20s 54 12 es vic 
Mar. 132 532 1 500 6 Oe oie 76 5 Dishes 46 
Apr. 190 632 46 816 4 27 1 is 113 96 2 22 
May 38 487 489 1,406 6 9 86 141 55 111 24 5 
June 158 3,623 847 5,704 2 18 201 1,213 104 292 = 34 245 
July 483 20,541 705 31,448 3 426 169 4,607 253 1,265 201 1,624 
Aug. 142 6,109 15 47 249 40 164 67 = 53 2 318 32 
Sept. 1,723 2,403 4 35 333 301 319 307 6 19 12 31 
Oct. 3,147 1,707 49 4 13,854 2,197 170 803 214 24 1 18 
Nov. 904 4,823 34 1 1,263 281 331 239 = 43 104 6 

Dec. 965 9,986 20 104 411 252 90 De. see a5 sais 
Av. 968 5,694 186 3,340 1,361 371 128 639 72 169 50 169 





Centropages reached its peak of abundance in October of both years (Fig. 
9 E, F). In 1957 catches of Tortanus were high from May to December and 
small from January to April, while in 1958 Tortanus reached maximum abundance 
in July and catches in other months were much lower. June and October also 
had high catches (Fig.9 G,H). The population of Acartia fluctuated throughout 
1957 with large catches in April, July and October. In 1958, most of the catch 
was made in July but small numbers were taken in all other months (Fig. 9 I, J). 
In 1957 Eurytemora was most abundant in July and August. Only small numbers 
were taken in the spring, autumn and winter months. In 1958 Eurytemora was 
abundant in June and July only (Fig. 9 K, L). 

There were also wide differences in the regional abundance of the 6 copepod 
species in the Quoddy Region in 1957 and 1958 (Fig. 10,11). In 1957 the largest 
catches of Calanus were made in the passages and in Cobscook Bay (Fig. 10 A). 
In 1958 nearly equal numbers of Calanus were caught in Cobscook Bay and in 
the passages and somewhat lower numbers were caught inside Passamaquoddy 
Bay (Fig. 10 B). The distribution of Pseudocalanus was similar in 1957 and 
1958. Outer Western Passage had the highest concentrations, followed by 
Cobscook Bay. Catches inside and outside Passamaquoddy Bay were much 
smaller (Fig. 10C,D). During 1957 and 1958, Centropages was abundant outside 
Passamaquoddy Bay. Catches in the passages were less than half those outside 
Passamaquoddy and much less inside this Bay (Fig. 10 E, F). 

In 1957 and 1958, the largest catches of Tortanus came from the St. Croix 
River estuary and along the Perry Shore. Large catches were obtained through- 
out Passamaquoddy and Cobscook Bays. Smaller catches came from the 
passages and outside Passamaquoddy (Fig. 11 A, B). Acartia, in 1957, was 
abundant in inner Western Passage and inside Passamaquoddy Bay. In 1958 
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Fic. 9. Mean monthly percentages by numbers of Calanus, Pseudocalanus, Centropages, 
Tortanus, Acartia and Eurytemora, in 1957 and 1958 in the Quoddy Region. 


the largest concentrations were taken near the Perry Shore inside Passamaquoddy 
Bay (Fig. 11 C, D). In 1957 and 1958, catches of Eurytemora were quite uni- 
formly distributed throughout the Quoddy Region (Fig. 11 E, F). 


SOME CHARACTERISTICS OF IMPORTANT PLANKTERS 
DIATOMS 


In Passamaquoddy Bay the spring bloom of diatoms started in late March 
in 1957 and in early April in 1958. By mid-April in both years this Bay had a 
rich flora of diatoms, which reached its maximum in late May. Greatest con- 
centrations were found near and in the passages. Outside Passamaquoddy, low 
volumes were observed in May in both years but in late June very rich patches 
were found. The spring maximum was observed in early June in Cobscook 
Bay. In Grand Manan Channel, high diatom concentrations were found in early 
July in 1957. However, over the whole Region the spring bloom extended chiefly 
from mid-April to mid-June. A few rich patches were found in July and early 
August. The autumn bloom reported by Davidson (1934) in the Quoddy Region 
was not observed. Catches in autumn were very small. 
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Fic. 10. Horizontal distribution of numbers of Calanus finmarchicus, 
Pseudocalanus minutus and Centropages typicus, in 1957 and 1958 in the 
Quoddy Region. 
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Fic. il. Horizontal distribution of numbers of Tortanus discaudatus, Acartia 
clausi and Eurytemora herdmani in 1957 and 1958 in the Quoddy Region. 
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In 1957 the spring bloom of diatoms in the Region was heavier and lasted 
longer than in 1958. The composition of the catch varied from month to month 
and the dominant diatoms disappeared suddenly after their maximum concen- 
tration was reached. Thus in May 1958 the dominant diatoms were Biddulphia 
(95%), Thalassiosira (3%) and Chaetoceros (1%); and in June 1958 the dominant 
diatoms were Thalassiosira (75%), Caetoceros (20%) and Coscinodiscus (4%). 


COoPEPODS 


Copepods normally formed the greater part (79%) of the zooplankton in the 
Quoddy Region (Fig. 12) and were distributed widely. The species are listed 
by 5 sub-orders. 


Sub-order CALANOIDA. Acartia clausi, A. longiremis, Aetideus armatus, Anomalocera 
patersonti, Calanus finmarchicus, C. hyperboreus, C. minor, Candacia armata, Centropages hamatus, 
C. typicus, Euchaeta norvegica, Euchirella rostrata, Eurytemora americana, E. herdmani, Gaidius 
tenuispinus, Labidocera aestiva, Metridia longa, M. lucens, Microcalanus pusillus, Paracalanus 
parvus, Pleuromamma robusta, Pseudocalanus minutus, Rhincalanus nasutus, Scolecithricella minor, 
Scolecithrix danae, Temora longicornis, T. stylifera, Tortanus discaudatus. 


Sub-order HarpPacticoipaA. Alteutha depressa, Dactylopusia tisboides, D. vulgaris, Diosaccus 
tenuicornis, Halithalestris croni, Harpacticus chelifer, H. gracilis, H. uniremis, Microsetella rosea, 


Parathalestris Jacksoni, P. pygmaea, Sapphirina gemma, Thalestris gibba, T. longimana, Tisbe 
furcata, Zaus goodsiri. 


Sub-order CycLoporpa. Oithona plumifera, O. similis, Oncaea conifera. 
Sub-order MONSTRILLOIDA. Monstrilla dubia, M. serricornis. 


Sub-order CaLicomwa. Caligus rapax. 
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Fic. 12. Percentages, by numbers, of the most important constituents of 
the zooplankton in the Quoddy Region in 1957 and 1958 combined. 
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CRABS 


Few zoea were found from September to May. Large pulses of Cancer zoea 
were observed in Passamaquoddy and Cobscook Bays in June and July. Crab 
megalopa began to appear in March and were found frequently from March to 
November. The megalopa were most abundant inside Passamaquoddy Bay. 


BARNACLES 


Barnacle nauplii began to appear in March and were very abundant in April 
and May. No barnacle nauplii were caught after July. 


EGcGs 


Eggs of invertebrates were found in considerable numbers in summer. 
Euphausiid eggs were extremely abundant outside and present in small numbers 
inside Passamaquoddy Bay. Fish eggs occurred throughout the year and were 
more abundant outside than inside this Bay. 


EUPHAUSIIDS 


Larval stages of euphausiids had their peak abundance from May to 
September. Adults were abundant in spring and summer and they were 
distributed over the whole region. 


JELLYFISHES 


Jellyfishes were found irregularly. The principal species found was Aurelia 
aurita. Extensive schools were observed at the surface in late summer. Numbers 
declined rapidly in late September. One species of comb jelly, Pleurobrachia 
pileus, was common in the region. The largest numbers were found in outer 
Western Passage and in Cobscook Bay. Juveniles were most common inside 
Passamaquoddy Bay. The period of abundance was from mid-July to early 
September. A siphonophore species, Stephanomia cara, was also very common 
in winter and spring. The largest catches were made outside Passamaquoddy 
Bay and in the passages. 


CHAETOGNATHS 


The juveniles of Sagitta elegans amounted to nearly 20% of the catch in 
July at Station 1. Adults were common throughout the year and most abundant 
in July at all stations. 


ANNELIDS 


Annelids were found in small numbers at many stations. Trochophore 
larvae were abundant in early summer and in autumn in Cobscook Bay and 
along the Perry Shore. 
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CLADOCERANS 


During the summer, occasional pulses of Podon leuckarti and Evadne nord- 
manni were found inside and outside Passamaquoddy Bay. Cladocerans were 
scarce from November to May. 


AMPHIPODS 


Euthemisto compressa and Hyperia galba were the species found most 
commonly in the Quoddy Region. Other species were rare at all times. 


Fish LARVAE 


Fish larvae were found at all stations throughout the year but never in large 
concentrations. Twenty-two species were identified: 


Ammodytes americanus (sand launce), Anarhichas lupus (wolffish), Anguilla rostrata (eel), 
Apeltes quadracus (stickleback), Aspidophoroides monopterygius (alligator fish), Clupea harengus 
(herring), Cryptocanthodes maculatus (wrymouth), Cyclopterus lumpus (lumpfish), Enchelyopus 
cimbrius (four-bearded rockling), Gadus morhua (cod), Glyptocephalus cynoglossus (flounder), 
Hippoglossoides platessoides (sand dab), Melanogrammus aeglefinus (haddock), Merluccius bilinearis 
(whiting), Myoxocephalus scorpius (sculpin), Neoliparis atlanticus (sea snail), Osmerus mordax 
(smelt), Pholis gunellus (rock eel), Pollachius virens (pollock), Poronotus triacanthus (butterfish), 
Pseudopleuronectes americanus (winter flounder), Urophycis tenuis (hake). 


Larvae of rock eels, sand dabs, lumpfishes, wrymouths, and sea snails were 
found frequently. Other species were represented by a few individuals. Larvae 
were most common in summer and particularly in June. Only 6 herring larvae 
were taken in QP cruises in 1957 and 1958. Three were taken outside Passama- 
quoddy Bay (Stations 1 and 2), 2 in the passages (Station 3), and one inside the 
Bay (Station 9). Two larvae were taken in October, 2 in November, one in 
December, and one in April. Larvae varied in length from 15 to 42 mm. 

Exploratory plankton tows made in October and November 1958 at 10- 
metre intervals from surface to bottom, near and in the passages, produced 9 
herring larvae 17 to 32 mm in length. Four were taken at the entrance to 
Western Passage, 3 in Western Passage at Station 12, one at Station 2 and one at 
Station 4 near Letite Passage. Several tows were made at ebb-tide in the 
passages and no larvae were taken. However, the 2 larvae found at Stations 2 
and 4 outside Passamaquoddy were taken at ebb-tide. Of the 9 larvae taken 
in the exploratory tows, 6 were found at night in the passages, 2 near the bottom, 
2 at 50 m, one at 20 m, and one at the surface. The 3 larvae caught in daytime 
were from 50, 75 and 100m. Of the 3 larvae, 2 were caught in the passages and 
one outside Passamaquoddy. 

The Prince tows from 1937 to 1959 (April) had an additional 40 herring 
larvae (Table VIII) from 2,002 tows (650 tows Prince 5; 1,352 tows Prince 6). 
Of these larvae, 23 came from Prince 5 (outside) and 17 from Prince 6 (inside). 
Two-thirds were taken from September to January and one-third in March—June. 
Thirty-six larvae were found in 18-23-metre oblique hauls and 4 in vertical 
hauls. None came from the 5—7-metre oblique tows. 
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TABLE VIII. Herring larvae taken at stations 
Prince 5 (outside Passamaquoddy Bay) and Prince 
6 (inside Passamaquoddy Bay) from 1937 to 1959 











(April). 
Herring Length of 
Date Depth larvae of larvae 
m no. mm 
PRINCE 5 
Oct. 13/42 18-23 2 6 
Dec. 15/47 i 2 22, 24 
Dec. 10/49 2 1 16 
Sept. 14/50 ‘“ 3 9, 10, 11 
Sept. 10/51 - 1 8 
Nov. 15/51 P 1 18 
Dec. 15/52 e 4 16, 19, 20, 23 
) Nov. 10/53 . 2 14, 18 
Sept. 15/54 90-0 1 14 
‘ Nov. 10/54 18-23 2 13,14 
' May 13/55 90-0 1 17 
c June 10/55 18-23 1 28 
Dec. 12/55 90-0 1 27 
May 11/56 ° 1 49 
PRINCE 6 
C Oct. 1/40 18-23 1 10 
P Oct. 15/42 ~ 1 7 
- Sept. 23/43 F 2 7,8 
e Oct. 6/43 - 1 11 
. Oct. 27/43 " 1 17 
June 8/44 = 1 8 
i June 21/44 7. 1 11 
9 Dec. 10/49 “si 1 20 
‘ June 11/52 a 1 9 
Nov. 21/52 i: 1 30 
tc June 12/53 ” 1 11 
e Mar. 10/54 = 1 14 
2 June 11/54 " 1 6 
n Dec. 14/54 - 1 14 
1, May 13/55 ” 1 14 
e Jan. 12/59 = 1 25 
d “i 
1g PLANKTON IN RELATION TO HERRING 
)). 
). Since herring are zooplankton feeders, any changes in zooplankton abundance 
e. during periods of feeding might be expected to affect their concentration and 
al distribution. It was therefore necessary to know more about their food, the 


importance of the various zooplankton species as items of food, the periods of 
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feeding activity and the possible relationships between abundance of zooplankton, 
food, feeding activity, fat content, and catches of herring. 

Of the 1,696 herring stomachs examined, 1,098 contained food. The 
incidence of the main food items is shown in Table IX. Fifty different organisms 
were recorded. Copepods, eggs, barnacle and mussel larvae, cladocerans and 
crab zoea occurred most frequently. The parasitic trematode, Brachyphallus 
crenatus, also appeared in large numbers. 


TABLE IX. Absolute incidence, and incidence as a 
percentage of the number of stomachs containing food, 
for the principal zooplankton organisms found in 
stomachs of herring taken from March to November 
in 1958. (Samples from weirs in Passamaquoddy Bay 

and vicinity.) 


Zooplankton organism Incidence 


no. Q 

Eurytemora herdmani 508 46.3 
Acartia clausi . 33.1 
Copepod eggs 36. 33.1 
Pseudocalanus minutus 23.4 
Tortanus discaudatus ; 20.1 
Balanus (cypris) 17.3 
Copepod (juveniles) 13.0 
Calanus finmarchicus R17 
Copepod (harpacticoids) 9.9 
Mytilus edulis (larvae) 9.7 
Podon spp. 1.2 
Crab (zoea) 

Fish (eggs) 

Temora longicornis 


ann s 


Euchaeta norvegica 


Total number of stomachs examined 1,696 
Total number of stomachs with food 1,098 64.7 
Total number of stomachs empty 598 35.3 


Average lengths of the fish examined ranged from 60 to 298 mm (Table X). 
In general, the smaller fish (60-103 mm) fed mostly on small zooplankton 
organisms such as Eurytemora, Acartia and eggs. The large fish (200+ mm) 
fed mostly on larger organisms such as Pseudocalanus, Calanus, Tortanus and 
Euchaeta. 

Stomach contents consisted chiefly of copepods endemic to Passamaquoddy 
Bay such as Eurytemora herdmani, Acartia clausi, and Tortanus discaudatus, and 
it can be assumed that the herring were feeding more actively inside than outside 
the Bay. These species are also surface forms and it is reasonable to conclude 
that herring were feeding mostly in the surface layers. Depth recorder traces 
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TABLE X. Date of capture, average length of fish, and 
mean food volumes found in herring stomachs. 





~ Stomachs Av. fish Settled volume 
Time of capture examined length per 100 fish 


1958 no. mm 
March 5 100 103 
June 10 102 145 
June 17 108 132 
June 17 107 202 
June 19 102 148 
June 24 102 176 
June 24 56 298 
July 2 103 162 
July 4 101 150 
July 10 100 176 
July 15 15 60 
July 25 100 155 
July 31 100 159 
Aug. 29 100 137 
Sept. 4 100 167 
Oct. 6 100 233 
Oct. 7 100 168 
Nov. 20 100 193 





confirm the presence of herring in the upper water layers during the period of the 


weir fishery from May to October (Brawn, 1959). 

Outside Passamaquoddy’ Bay, Pseudocalanus minutus and Calanus fin- 
marchicus were abundant in the stomachs of herring. Also found in large 
numbers were harpacticoid copepods and larvae of barnacles. 

The bulk of the volume of zooplankton taken consisted of species and sizes 
eaten by herring. Mean monthly zooplankton volumes per tow for the Quoddy 
Region have been plotted against mean monthly food volumes in the stomachs 
per sample of 100 fish (Fig. 13). In July and August, when zooplankton volumes 
were high, the food in the stomachs was low. In June, September, October, 
and November, when zooplankton concentrations were lower than in July and 
August, the food in the stomachs was high. In March when zooplankton con- 
centrations were small, the food in the stomachs was also small. No attempt was 
made to relate the higher utilization of the smaller zooplankton volumes of June, 
September, October and November to any qualitative aspect of the plankton 
such as species composition, size of individuals, depth distribution, etc. A check 
on such factors is in preparation. The quantity of food in the stomachs indicated 
a period of active feeding from September to November and a period of less 
active feeding from March to August (Fig. 13). It is interesting to note that 
Leim (1958) found lowest fat content in ‘‘sardines’’ from April to June and highest 
fat content from August to November. 
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Fic. 13. Mean zooplankton volumes over the Quoddy Region plotted against 
mean food voiumes found in herring stomachs. 


Mean zooplankton volumes for May to October 1947 to 1957, in the Prince 
tows have been plotted against average yearly catches per weir for the same 
years (Fig. 14). In the area outside Passamaquoddy Bay in 1948, 1951, 1952, 
1953, 1954, and 1955, high zooplankton concentrations were found and herring 
catches were below average. Smaller zooplankton concentrations were found 
in 1946, 1947, 1949, 1950, 1956, 1957 and herring catches were generally much 
better. In the area in Passamaquoddy Bay, the zooplankton concentrations 
were always low and herring catches varied from high in 1947, 1948, 1952, 1957 
to small in 1949, 1955, 1956. 

No positive correlation between feeding activity and zooplankton volumes 
and between zooplankton volumes and ‘‘sardine’’ catches is apparent. 


COMPARISON WITH PREVIOUS STUDIES 


A comparison of results with those of previous investigations is limited to 
generalities, because of the difference in methods used in the collection and 
examination of the plankton. The only other intensive survey of the zooplankton 
of the Quoddy Region was made from July 1931 to September 1932 by Fish and 
Johnson (1937). They made 20-minute oblique tows at the surface, 50 m and 
bottom, in contrast to the 15-minute oblique tows at 20, 10 and 0 m made in the 
present investigation. In addition, the present work covers a slightly longer 
period. 
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Fic. 14. Comparison of the average annual zooplankton volumes at Prince stations 5 and 6 

and the average annual catch of herring per weir from the Department of Fisheries Statistical 

Districts 51 and 52 for the years 1946 to 1957. (N.B. Statistical District 51 encompasses 

Deer and Campobello Islands at the entrance to Passamaquoddy Bay and District 52 extends 
from Back Bay to the International Boundary.) 


Present findings often confirm those of other studies in the region. The 
greater volume of the plankton was made up of copepods, of which 8 genera formed 
75% (Calanus, Pseudocalanus, Centropages, Tortanus, Metridia, Acartia, Eury- 
temora, Temora). Fish and Johnson (1937) found a similar percentage for the same 
species. Fluctuations in the numbers of Calanus finmarchicus contributed most 
markedly to volumetric changes in the zooplankton through the different seasons 
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and in the different areas. This was also observed by Fish and Johnson (1937), 
who state that the stock of Calanus finmarchicus fluctuated in abundance at each 
season in different regions, the western part of the Gulf of Maine being the 
principal source of supply. 

Volumes of zooplankton were 5 times greater outside than inside Passama- 
quoddy Bay for the two years 1957 and 1958. In 1931 and 1932, volumes varied 
from 46.9 cc/tow outside Passamaquoddy Bay to 20.0 cc/tow in Passamaquoddy 
Bay (Fish and Johnson, 1937). 

Zooplankton was most abundant in Cobscook Bay and outside Passama- 
quoddy through the present investigation and it was found by Battle et al. (1936) 
and by Leim (1943) that herring from Cobscook Bay and Harbour de Loutre, 
Campobello (outside Passamaquoddy) were fatter than those from other localities 


in the Quoddy Region. No relationship could be shown between feeding activity 


and abundance of food organisms. Our results of herring stomach analyses may 


have been biased since the fish were taken in weirs and some fish may have had time 
to clear themselves. 

Fish and Johnson (1937) reported a winter boreal group of plankters in the 
Bay of Fundy region derived from Gulf of Maine waters, with Pseudocalanus 
minutus assuming greater relative importance in Passamaquoddy Bay. In the 
present investigation, Pseudocalanus minutus accounted for 51% of the plankton 
in summer in the passages and for 51% of the plankton in spring and summer in 
Cobscook Bay. During the summer months in 1957 and 1958 the importance 
of the neritic forms, especially the copepods Tortanus discaudatus, Acartia clausi, 
and Eurytemora herdmani became greater. These 3 species which are endemic 


to the Bay were also the dominant neritic forms in Fish and Johnson’s investi- 


gations (1937). The autumn invasion of Centropages typicus reported by these 
scientists was also very pronounced in our collections. 

In addition to the copepod population, representatives of almost all other 
plankton groups have been observed in the present investigation and by Fish and 
Johnson (1937). The eggs and larvae of pelagic fishes were found in small 
numbers in our investigation and in theirs. 

A spring maximum of phytoplankton, similar to those reported by Davidson 
(1934) and Fish and Johitson (1937), was observed in late May with greatest 
concentrations around the passages. An autumn bloom, as reportea by Davidson 
(1934), was not observed. 

Fish and Johnson (1937) commented on the sporadic invasions of adult 
Meganyctiphanes in summer in the Quoddy Region. We observed this phenomenon 
in the summer of 1957 only. 

Influence of temperature on zooplankton abundance has been suggested by 
the difference in volumes for different times of the year in 1957 and 1958. Evidence 
that low temperatures affect abundance has also been found in Passamaquoddy 


Bay by Battle (1929) and Huntsman and Sparks (1924). Diurnal migrations 
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of many zooplankton species have been reported by Stevenson (1933) and 
Johnson (1942) in the Quoddy Region and by many other scientists elsewhere. 
Present findings on depth distribution of zooplankton were in agreement. 

Analyses of herring stomachs taken in 1958 showed that small herring fed 
mostly on smaller zooplankton organisms while larger herring were eating larger 
organisms. This agrees with the findings of Battle (1934). Herring were 
feeding mostly on surface plankters such as Eurytemora, Tortanus and Acartia 
and were, therefore, presumed to be distributed in the upper water layers when 
feeding. 

Battle et al. (1936) noted the fatness of herring from the neighbourhood of 
Campobello and the leanness of fish in the Perry Shore region. Zooplankton 
concentrations were much higher in the former area and agree with Battle’s 
findings (1936). The periods of high and low feeding activity reported in the 


present work corresponded to the periods of fatness and leanness in herring 
reported by Leim (1958). 


PLANKTON IN RELATION TO THE PASSAMAQUODDY POWER PROJECT 


How will the plankton of the Quoddy Region be affected if dams are installed 
across the entrances to Passamaquoddy Bay? To answer this question, a look 
at the predicted environmental changes is necessary (Trites, 1959). Outside 
Passamaquoddy only slight changes in oceanographic conditions are anticipated 
except in areas contiguous to the emptying gates, therefore it is unlikely that 
plankton abundance will be affected. Distribution of some species will be changed 
according to the extent of changes in the range, direction and velocity of tidal 
streams. 

In Passamaquoddy Bay (high pool), the mean water level will be raised about 
6 ft, with a tidal range averaging 4 ft. Mean tidal current speeds are expected 
to be about one-fifth the present values. During periods that gates will be 
opened, current speeds in the passages should be similar but slightly lower than the 
present and somewhat higher speeds are expected at mid-depths. Surface 
temperatures in the high pool are likely to reach 20°C in summer and less than 
0°C in winter. Below the surface layer, the expected range should be 0-13°C. 
Partial ice cover is expected in winter. Mean surface salinities will be lowered 
and bottom salinities will be altered slightly. 

Zooplankton volumes inside Passamaquoddy Bay are only one-fifth those 
outside and made up of a mixture of offshore forms, neritic forms endemic to the 
Bay, and larval stages of benthic invertebrates. Volume differences may be due 
in large part to the to and fro tidal movement of water through the passages. 
Plankton volumes inside the Bay might be expected to be higher with the proposed 
filling gates at the passages allowing water movement into the Bay only. Move- 
ments of water and plankton will be delayed, however, because filling gates will 
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be opened only 2} hours in every 124. Grazing by herring and other plankton 
feeders will continue to affect to some extent zooplankton concentrations in the 
high pool. 

Species endemic to the high pool will be subjected to the new environmental 
conditions throughout the year. Higher summer temperatures should not be 
fatal to the plankton and indeed could be favourable for increased production 
of some forms. Diatoms have a great resistance to changes of temperature and 
salinity by forming resting spores. Most zooplankton species have a heat death 
above 20°C. Huntsman and Sparks (1924) give the following heat death 
temperatures: copepods (22-31°C), decapods (23-33°), Sagitta elegans (25.5- 
27.5°), Tomopteris catherina (31.6°). Exposure to a few degrees below zero 
Centigrade in winter for a prolonged period of time would be fatal to many 
plankters but this is not likely to happen. Only the upper few metres will reach 
those temperatures and the zooplankton might be expected to migrate down 
below the thermocline where temperatures will be much the same as at present. 
Heilbrunn (1956) states that several species, including cladocerans, sink to the 
bottom when the water becomes too cold. 


Above and below optimum temperatures, life and vital activity will be 
increased or reduced. The more sensitive organisms and the early stages of many 


species will be most affected. Migrants from offshore, breeding outside, will 
not suffer. The major endemic copepods, being both eurythermic and euryhaline, 
will not likely be affected either. 

Clam, mussel and barnacle larvae should be reduced in proportion to the 
reduction of the parent stocks and of the intertidal beach area, with a potential 
increase after new beds are established. Higher temperatures will likely hasten 
the development of larvae. Scallop larvae will likely be more numerous. 

Other bottom invertebrate larvae will be increased or reduced in proportion 
to the increase or reduction in the parent population. 

Partial ice cover will not affect the abundance of plankton but may affect 
the distribution of species. In the Kennebecasis River, where ice cover occurs, 
excellent catches of zooplankton, actively reproducing, were made in February. 

The lowering of surface salinities will likely affect the few floating species 
incapable of adaptation and downward movement. They are not likely to die, 
since salinities will remain above their threshold of survival but they might fail 
to reproduce. 

Because Cobscook Bay will receive water directly from Passamaquoddy 
Bay as well as a mixture of the outside and recirculated Cobscook Bay water it 
is difficult to foresee the probable effects on the abundance of plankton in the low 
pool. Plankton volumes should not decrease since waters from the outside area 
will contain as much plankton as at present and the waters of Passamaquoddy 
Bay are expected to be richer than at present. On this basis we expect that 
plankton volumes in the low pool will be similar to those of Passamaquoddy Bay. 
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SUMMARY 


Investigations of the composition, abundance, and distribution of the 
plankton communities within the Quoddy Region of New Brunswick and Maine 
were carried out. Studies were also made on the food of the herring and possible 
relationships between food volumes, feeding activity, fat content and herring 
catches. 

Plankton cruises were made in the Quoddy Region, around Grand Manan, 
in St. Mary Bay, and on the Lurcher Shoals. 

During 1957 and 1958, 14 stations were occupied in the Quoddy Region 
during 43 Quoddy project (QP) cruises. Oblique tows were made at 20-10-0 
m. Tows from Prince stations 5 and 6 were analysed for the period 1937 to 1959 
(April). A total of 15 exploratory cruises were made during the day and at night 
in and close to the passages during October and November 1958 to study vertical 
distribution of zooplankton. In addition, special tows were made during the same 
cruises to catch herring larvae. All depths were sampled and many types of 
gear and fishing methods were used. 

The 14 Quoddy project (QP) stations were grouped according to four areas: 
Passamaquoddy Bay, outside, passages, and Cobscook Bay. The composition 
of boreal, neritic, benthic, northern and southern species was studied in each 
area. Offshore species seldom reached large concentrations inside Passamaquoddy 
Bay. Abundant in the Bay were neritic endemic species such as Tortanus 
discaudatus, Acartia clausi, Eurytemora herdmani. Outside, in the passages and in 
Cobscook Bay, plankton was a mixture of boreal, neritic and benthic species. 

Zooplankters were most abundant in summer (63%), decreasing through 
autumn (20%) and winter (11%) to a minimum in the spring (6%). 

Zooplankton was most abundant in Cobscook Bay (33%), outside (32%), 
and in the passages (28%), and much less abundant inside Passamaquoddy 
Bay (7%). The difference in zooplankton volumes between outside and inside 
Passamaquoddy Bay suggests that migration from outside into the Bay is not 
very successful. 

Concentrations of zooplankton were higher in 1958 than in 1957. Higher 
water temperatures in 1958 were shown to be partly responsible. 

Zooplankton volumes were greater at 75-100 m than at 0, 20 and 50 m in 
daytime, and also greater at 0-20 m than at 50, 75 and 100 m at night. 

Six species accounted for 94% of all copepods. They were: Calanus fin- 
marchicus, Pseudocalanus minutus, Centropages typicus, Tortanus discaudatus, 
Acartia clausi, and Eurytemora herdmani. Their abundance fluctuated monthly 
and annually. 

The spring bloom of diatoms in the Quoddy Region extended from mid-April 
to mid-June and a few rich patches of diatoms were found in July and early 
August. In 1957 the spring bloom of diatoms was heavier and lasted longer than 
in 1958. 

Copepods accounted for 79% of the total zooplankton; 50 species were identi- 
fied. Calanus finmarchicus accounted for 42% of the total copepods. 
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Twenty-two species of fish larvae were identified. None was found in large 
concentrations. Fifty-five herring larvae were caught, 37 outside and in the 
passages and 18 inside Passamaquoddy Bay. 

A total of 1,696 herring stomachs were analysed. Of these, 1,098 contained 
food. Fifty different zooplankton organisms were recorded in the diet. Copepods 
had the highest frequency of occurrence. Small herring (60 to 103 mm) fed 
mostly on smaller organisms and feeding was more active inside Passamaquoddy 
Bay. The species occurring with highest frequency in the herring diet were 
surface forms suggesting that herring feed in the surface layers. 

Herring fed little from March to August and fed actively from September 
to November. 

Positive correlation was found between feeding activity and fat content. No 
relationship was found between feeding activity and volumes or kinds of zoo- 
plankton available nor between zooplankton concentrations and commercial 
catches of ‘‘sardines’’ for the period 1947 to 1957. 

Higher zooplankton volumes are foreseen for Passamaquoddy Bay after 
the dams are built. Volumes in Cobscook Bay are expected to reach values 


similar to those of Passamaquoddy Bay while those outside should remain 
unchanged. 
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Inosine in the Muscle of Pacific Salmon Stored in Ice 


In the muscle of lingcod (Ophiodon elongatus) and codling (Gadus callarias) 
the breakdown of ribomononucleotides proceeds post mortem with the eventual 
accumulation of free ribose (Tarr, 1955; Shewan and Jones, 1957; Tomlinson and 
Creelman, 1960). In contrast, no appreciable amount of ribose appears post 
mortem in the muscle of Pacific salmon (genus Oncorhynchus) (Tarr, 1954). 
However, Tarr and Bissett (1954) found that when a riboside hydrolase obtained 
from lingcod muscle was mixed with salmon muscle, and the mixture was incubated 
for 7 days at 0°C, free ribose accumulated. Thus, ribonucleosides, precursors of 
free ribose in lingcod and codling, must also be formed in Pacific salmon. Whether 
these ribonucleosides normally accumulate in spring salmon muscle post mortem, 
or are degraded without the accumulation of free ribose (e.g. via the intermediate 
formation of ribose-1-phosphate (Tarr, 1958) ), is not known. For this reason, 
the changes that occurred in the ribonucleotides in the muscle of spring salmon 
(O. tshawytscha) stored in ice have been investigated. The methods used have 
been described previously (Tomlinson and Creelman, 1960). 

It was found that the ribonucleotides decreased during storage, with accu- 
mulation of the nucleoside, inosine. Adenosine, the other nucleoside that might 
be formed, and the purine bases adenine and hypoxanthine that would be released 
in the hydrolysis or phosphorolysis of adenosine and inosine, respectively, were 
not detected, and only a very small amount of ribose appeared (Table 1). How- 
ever, the amount of inosine that accumulated was less than the amount of the 
ribonucleotides that disappeared. This loss was probably due to leaching during 
the storage of the fish in ice, but some of it may have resulted from a relatively 
slow degradative process in which the products of the initial split of the nucleoside 
were further degraded. It is clear, though, that the major portion of the ribo- 
nucleotides were only degraded to the stage of inosine. 

In order to see if this might be a general phenomenon in Pacific salmon, 
the inosine, hypoxanthine, and ribose content of the muscle of several species 
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TABLE I. Degradation of ribomononucleotides in muscle 
of spring salmon! (Oncorhynchus tshawytscha) stored in 
ice. 


Quantity of compound? found/g wet muscle 








Fish No. 1 Fish No. 2 
Days stored: 0 5 0 7 

uM uM uM uM 
ATP - - ra * 
ADP 0.49 0.38 0.51 0.07 
AMP 0.10 - 0.22 _ 
IMP 5.46 1.08 5.81 ~ 
Inosine 1.40 4.21 0.42 4.48 
Hypoxanthine - - ~ - 
Ribose 0 trace 0 0.2 











1The fish were caught by trolling (flasher) in Howe 
Sound, B.C., July 17, 1959, and were thus in an 
exhausted state before being killed. A sample of 
muscle was taken from each fish immediately after it 
was caught, and frozen with dry ice (0 time sample). 
The fish were then gutted and stored in ice for 5 and 7 
days, respectively, before the second sample was taken 
for analysis. 

2ATP, ADP, AMP, and IMP are abbreviations 
for adenosine triphosphate, adenosine diphosphate, 
adenosine monophosphate, and inosine monophosphate, 
respectively. A dash indicates that none of the 
compound was detected. If it was present in the 
muscle, it must have been at a concentration of less 
than 0.04 micromole per gram. 


TABLE II. Inosine, hypoxanthine, and ribose content of 
the muscle of several species of Pacific salmon (genus 
Oncorhynchus) stored in ice.* 





Quantity of compound/g wet muscle 



















Days 

Species stored Inosine Hypoxanthine Ribose 
uM uM uM 

Spring ' 6 4.1 - trace 
(O. tshawytscha) 10 3.3 0.7 0.3 
Chum 6 2.9 0.4 0.5 
(O. keta) 10 3.2 0.8 0.6 
Coho 7 3.6 0.4 0.4 
(O. kisutch) 10 3.3 trace 0.5 
Pink 6 3.6 0.7 trace 
(O. gorbuscha) 10 3.0 0.1 trace 


’The fish were caught by gillnet early in October, 
1959. The spring, chum, and pink salmon were from the 
Johnstone Strait, B.C., area and were held in ice for 1} to 
2 days in the round prior to being gutted. The coho were 
from the Gulf of Georgia and were gutted before being 
iced. 
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was determined after the fish had been held in ice for periods of 6 and 10 days 
(Table Il). Small amounts of hypoxanthine and ribose were found in each 
species, but inosine was always present in much greater amounts. 
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